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THE CALCULATIONS OF THE
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DAMPING OF THE LQN_GITUDINAL
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ROYAL AIRCRAFT ESTABLISIMENT, FARNBCROUGH

The calculations of the derivatives involved in ths
damping of the longitudinal short period oscillations
of an aircraft and correlation with experiment

by

H. H. B. M. Thoras, B.Sc., A.F.R.Ae.S.
and
B. P R. Spencer, B.Sc.

SUMMARY

Apart from an attempt to calculate the contribution of a tailplane to
the damping in pitch of an aircraft over the speed range thiaz note iz a
review of the existing information on the subject, from both exgerimental
ard theorstical sources.

A comparison of theory and experiment seems to irndicate that theory
gives a fairly relisble estimate of trends. There are a nurber of points
requiring further investigation, and these are brought out in the discussion
and conclusions at the end of the paper.

The main conclusicn to bs drewn from the available informaticn is that
tailless aircraft, having leading edge sweep of less than 55° or thereabcuts,
ard of moderate ar large aspect ratic, are almost certain to suffer soms
loss of damping in the transonic speed range, the severity of this loss
depending on the sweep, the aspect ratio, the moment of inertia in pitch,
and the relative density p.

It seems likely that the addition of a tailplane in & auiitable position

would remove most, if not all, of this loss, but this requiias furthexr
v investigation particularly as regards incidence effects.
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’ %ﬁ; " Until airoraft flew transor*ca.].‘lq the d.;muing of the short period (hig,h
%ﬂﬁ« fréquency) oscillatory mode of an eivcraft was normally so good that the

; 55 -« derivatives governing it had been studied but little. Recent £light

i Bt - - experience revealed a serious loss of demping in pitch of the short perdod

i bl 37~ oscillation at transonic spseds, snd resulied in an increased interest dn |
z g -+ the stebility derivatives imolved, ) n el e R
!§ ggf:s}; 5 R : :I;{?-.Hs:"'::,'} SR RaR R AN
;;'g;v o In genere.l, the forces and mowents aotmg on an a:.rcra.ft depend on the

©'Z 7. time history of the motion in addition to the instantaneous values of the

""" .7 varisbles, and the importance of this, part ticwlaxly for flight at transonio
speeds, has beccme widaly recognised. Accordingly, the derivatives dis-
cussed in this Papor are oscillatory dexdivetives (pertaining strictly to

K simple hammonic mot:.on) (as discussed by Neumerk wnd Thorpe, T17). For sub-

oy sonic and supersonic speeds sufficiently removed from thet for lach numbex

. . unity the deperdence of the derivatives cn the “reduced" frequency

i = -%9 is such that for the frequency range of interest in airorafiy

‘.\
O
s

ey

RN
SRR

s e o A B

;stabi]ity the derivatives themselves may be regarded as constant, but thecry
%, 7. and experiment indicate that at transonic speeds the frequency has a tro-
i . " nounced effect on the value of some der:wab:.ves. LRI
. - . - S ,,x\l‘,o:x of
. The last few years have seen the de:elorment of theor:.es for calcula-
{ ting the appropriate derivatives to vericus degrees of approximation at
subscnic, sonic, and.super sonic speeds. At the same time such derivatives
. have been measured using lifferent experimental techniques for a nurber of
‘ win,:,s, and for complete wrcraft. The stage has been reached now when a
review of the present «tate of knowledge, ard iits mcha.tions for aircraft
design, is des:.mble. . This is. ths ob,)ect of uhe presem. notes THLLA

'?z * A '"bl v"" I.‘L’! -uw . lw-n"'- . P16 S 7] u-vél\;"!\r —*hr\ﬂb
el o In add:.tio*x, an advance on the theoretical side is made.by an approxi-
¥, .- mate calculation of the damping contribution of a tailplane operating behind
'.f.‘ a wing in oscillatory flow. The results are compared with the currently
,used simple steady downwash delay appro:dmatlons. No experimental data is
g _available f‘or comparlson. .- oo oonvnibaylen
N I W O et R .‘:,“ oz srero ialoe

Aolmowledgements are due to Mrs. 5. Sw.Lft who d:.d most of the lengthy
computation and Miss F, M. Ward who aiso helped with the computa.tion and
repared same of the illustrations. PR T AT S SR LR

The authors also wish to acknowledgs the assistance given by Migs M.

Jones of A.V. Roe Lid, with the calculations relating to ’che Avro 707. “
MR fi
2 Derivatives involved in the damnring of the shczrt ner:.od 1omz:.tudlnal
osc:x.lhtlon e e a2
. The equations of motion of an eircraft assuming the forwerd speed

remains constant (cxr neglecting the -hugeid motion), and jn the usual moving
wind-body axes system, are (see, for example; Ref, T17),

af 2y a . 59,1'37
& T % ‘“(‘ fp)irn Frum
(1)
5§ = n ) mp, <
Q. B PO .
v i3 B B ip A%

?
-
.
]

i

!

H

:

k)

i

{

5
i
ik
H

N.

{
¥

i

?

;\ B

Tre determinantal equation, in its genweal form, cesdily followy

.
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It will be seen later that the derivatives =25 and ng are at most on]y of'
the order &2, and the availsble experimental data do not ensble a mmerical
assessment of these derivatives to be made. If on this basis we are prepared
to neglect these the only derivatives involved in the demping of the short
period oscillation are those contained in the expression for , and of
these we may ignore the effeots of =y and 2, as these are divided by |,
uvsually large. It should be stressed that given a m:u. knowledgs of the
derivatives it is neither necessary nox perhzms desirable to make these ‘
aprroximations. B N RV hh SN 4 O

WoMEE I o wd.y s STIwa I o ad e WoINGT

TR SR .\.~,.Su..”—u‘,a~. ros

Accepting, for the mment, this approximate approach we.£ind that the

latter two oocur in combination as the sum of the 'trm derivatives which can
be shown to be equal to the pitohing der:.vatlve mﬁ, in the fixed axss system.

B SRV IE, SN L e T hdaskinag ok Medad 4
. The discuss::.on that follcws is thercfore mainly concerned with these two
derivatives Zys my, bul unavoidably other derivatives enter into the

relationships giving ’che ependence of zg and mg on axis position. The
transfer from one axis to another is a very ccxmon adjustment to be applied
o test results for their application to s.ircra.f.‘t design, of wh:.ch we shall
say more later, e Lt e R WFafens

, . In the absence of detailed informatici: on the effect of frequency we
shall be assuming that we may neglect those quantities which theory indicates
&s being of oxder u2 or 'less.
3 Wing dera.vatives (inviseid theoxv, infinitely thin aemfo:l}

Wa deal first with the isolalwd wing. Here we have availsble trsoriea *
which assums generally that the wing I5 infinitely thin, the flow is inzcid,
ard that shoclk waves are absent., As-iier simplifying assunp’cions introduced
into the mare fully developed subsurdic and supersonic theory make recessary a
trief account of theory accerding o ageed regimes.

3+1 ¥ing in subsonic ogscillatory flow

In tho extonsion of his subsonic 1iftin; surfacs throry from steady flow
to oscillatory flaw of low frequency, Yulthupp (2es ref. 16 by Garner) shows
that uning the transformation

e 4l
I(x,7,2,t) = R& I{x,y,2) e"‘”(?"’?‘*) (3)

~7 -

CONFIDEMTIAL DISCREETY

demping depends on three derivatives 4y, my, and my.  Furthermore, the M




——

!

T
5
e AL

ol
R
s

,.
gl
s

Sk

F

SR NE o g
P3 e el WpTRELY
LS E AR S Lreins

¥

-

R
1

g
b

IR W N

>
-

:3

.ﬁezi‘ TR
‘5(.1__,“2) N az2+v2(1-412)

He then proceeds tB“HéZiéB? the Tsst em, and thereby reduces the pa:oblem 1:0
the solution of tho genera1 ised Iaplace equation,

LT ﬁ,.
Ape
(1 da) 621 62_]: az.[ 0" [ ¢ (iu. me f;g,o,_ (5)
- R AL L P S R SO BN Lb.z; wni 1R ‘.:J .\.;Jc;.:;.;o' xJ‘

witares dooy - 7
It is important to note thet his assumptions go “urther th,.n a. Lero assumpbion

of low freq_uem:y, s:mce 1. ig :.mnln.ed that,

L Ly TR s f‘h‘M i
- . PR - (PR .
R TR LT
v 12 A ,
Lo weces oy =g o
Yo

This restricts the range of Mach nurber over which the theory may be apphed
with rel:umce. . . fe . -
. merenen ' - "y .'...m..(] e 3 3 o
The next s’cage in the caloulzuon is the sett:.ng—tm of the dowrmash
equation in the form given in ref, T6. This in turn is split into two parts,
see equations far w ard Wy in xef. T6. ..The influenove, functions involved
in the two cquations being given. it is 'oossiolo to reduce, as was done in the
steady f£low problem, the prcblem to ‘the calculation of the local lift a.ncl
pitching moment et a mwber of cherdwise seotions from a set of lineaxr eq_uat:x.ms
satisfying the dowmvash condition at two points of each section. Details of

the analysis and computation are given ’m ref. 76,

2. r \7* L .
i ‘a»»m Lt ewn e A ¢ ‘ LA sgs ::T; -3 (‘30‘(:‘:(}‘ :\? .

3.2 VWing in os»:.llatozy Llow at tmnsonic gpeeds ‘

We have mentioned the possibility of error in the Multhopp appwoach as the
Mach numher is increased., To overccme this difficulty, and in particular to
eénsble him to deal with the sonio problem; Mangler ref., T2, returns to the
wreodified centinudly equaticn,

&
S
ER T ~

T o s i 3\ =
55551 = e ( ¥ > I N ()
(‘;Z e Mz) vV " I
O Mt et
. Lo e r‘.’..x&ﬂ:?:fl“
where ~ . I (the enthalpy) = I (x,,f,z) S
Using a distribution of douhlets over the wing of s‘.:cengm - ’
R
ta,y:t) = Uxyy) o1 " (1
we then obtain for I ’
9 a
(-7 ff - 'S inry - 13yt
I(xyyy2) = -—f-g"j;—‘i“’- /’ =t ,ut) gf + 6 5 } 9 ihg‘l%z- (8)
- J L v(1-1%) r
s
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where . sbaeea phiomkRe ot o e o ol ﬁ\fﬁ»ﬁ({@'ﬂﬂwﬂ m‘zﬁ
$ - - R ‘.
S, ; CERE o N g
(8) PR S il GO D R SRS
v {‘Y‘k'i‘;di ‘} . ‘; -\Q; ",.:f}
) Nt Ll oLl fons N ” ro2y -anMJ&’,} mﬁ' Oﬁ -t ¢ 4
of voofionsn 3 .&.‘"b».}}i’ 1=ﬁ\[z;_x,)2 . ('1_&.2) {(Y“Y' )2 + 32} ol P“L‘J,(;z RN £
) PSSR S
oy ed s=f, M emd M for M>d. LEELL A
Introduotion of I into the'i‘lz.s'h"of the Buler equatiens leeds to the downe- ;
mah‘ equation, ) L ,&‘ S e o ','.,.’;n',;" ab 2T - E
w H t .
¥ &r0) = [a m/f[&(x' ) [1 + g~ }d"‘;y]dz}
20 v(12)) r
(9)
where H= h+2& J‘C;x can be written
-t : x > = - " ﬁi‘.n g:_k B L :{i":‘
H LL"I'Q (X~2) (k_,::) + (“M) i(y-y')z T '(110)
= 1+M + x..xl) + ar " ;
i : K" * . S i . -n> Saend . ;;
** *a form which gives no dif‘ficulty ‘as M -1, A further transformation enab:bes
““the d.owmvash eq_untion to be wrttten ai‘ter oo.miderabls mm.pula.tion in th.a
e awaw RS T ., .
o foom, - v 7L . e e LT FPA N | b 4 n"{«‘ (el (‘A‘-’:’ h’i N
- 4 N I N PR NRT N AR :‘:1@":}2.,& f
- . { - B ‘ ‘g‘* e ‘s .
w e 133 xt=x detdy! e ‘
= (X,y,0) = //L(.c!y‘)[ ( )
v ( I ° 2 .
' & SRR/ S 2 2) IR ;
- LRI e . 2=0 R,
e . R x 8 Lo . o M 0“ .
] ~ 1 t P
i ‘g,‘,;/ r‘t(xpy') [O'QE <a - -"—;5> .QY_.dl_a_ (11) 1
Sw =8 tesey (yy*)
: z=0

¥

x

where L(x',y®) is a modified loading,

This form of the downwash equation embediss no rostrictive assumptions
regarding either frequency or Mach mumber. In aircraft stability we are
interested in small values off the roduced frequenocy, u, and hence we need
only retain terms of the first oxder in the downwash, This simplifies some- )
. vhat the equation for the dowmwach, shich i3 then gplit into its real ard
‘ imaginary parts. The resuliing ecuntiong, in forms eprromriate to each of
A the speed regimes, are given in xaf, 044,

e s S

By means of those equation: '3 ia formally fecanibla to oonstruos solu-
tions Yor oscillatory flow t"‘d.‘(-\g hout the Maoh wrhers range, provided solu-
tions can bo obtained to the problier of aiuady Llow with e.r'm.trary incidence
distribution. This would yislu s conbimuows thicoredical solution fairing
into the Multkopp solution at iuwer smubaunds Mack muber, passing through the
sonic solution, ard fairing intn 4k *r.i’x"fm=> :olutdons on the supersonio
. sido. These lattor are, of cowwse; based on ximilar essumptions ‘o the
' YMulthopp svbsonic solution, :amely, the rrz- strcan Yach nurber st be

CONFIDEMTIAL - DISCREET




b S AU TIORGOS e Y RN 1 DT WO - A - e RS ARG £ A b A e e 2
&9 g T - TN TR

G ; I ~ ~ 0 i . oo A TR A Tl

Report No.
e

el
i R

. AP K v
R 1SN RN 7 R 770 X

-

3“:1 "," . L v . .\:‘— A -
‘:” C et " i . ~ IR A S i »__a&‘-&‘:h%,}?_f [
-suffiociently removed from unity, and the reduced frequendy smdll.enough tha' we
= Thui Y aaby o e Woabem gl anes Rt R - e b U atth it et aneap e Iy
N FRE—— L v R EIEER: § AT e T ] ’&'(‘3‘?;;‘7%1@35;
. ¢ ‘may negleot terms irvelving - N # S O S

e

BT ST -
L AN ks i (M)~ soanlBosk Essokdhifa u.fxﬂcx,m;xﬁfc
o o LT T ety e F AT b ra.::.".':::gf,‘,]‘i: ety
PRSP To {aw the ahove ascmprehensive thewry has’only been applied. to a” parti-
T3, cular family of wings - *ho delts - and even then only at sonic speeds. Recent
.. éxperience with Multhopp's scheme for' the solution of steady flow problems
ol louggests that it is suffieiently accurate to be used in the solution of the
-."* integral equations even when M is quite near to unity (see also section 3ek)e
- An extension of the theoreticsl wark on these lines would undoubtedly be
-yalusble, since the sonin solubions show thet the derivatives 2z apnd mf, and
hence z; and my degend markedly on the reduced frequency, containing.as. it
does a term log oo 7 T T T e e e L

A
ey,

il md Dursan gl 7

e R TE Y e eted M 30 it
s . . . L Y

« By a sirmilar crgument o that of the subsonic case but with obviousrnwdifi—-

o cation the problem of an oscillating wing in supersonic flow sufficiently )

o removed from scmic can bs reduced to steady flow problems. The ususl methods

| 24
A

N Al b « .
*3.3 Wing ia superacalc oscillatory flow

% of solving steady flow prcblems then beceme applicable, and we have derivatives
Wy which are independent of the reduced frequency, see references 728, 31, 32, 33,
3} 36’ .57; 39, l{‘o) li-'], 45' v ‘ .

3¢y Commarison of Multhopp!s subsonic theory with other thsories

L . - . v v ae _dedeaGIIRY.

5 Azart from the Multhopp scheme of calculation for wings at subsonic speeds
5 there exists an extension of the Falkmer lifting surface theory, ard also exten-
et sions of the Iawrence iheory, which is an impuoved slender wing theory. These
o are described in refs. 19,19, 110,22, In addition, the "slender" wing theory
§§' gives exact results in the limiting case 4 -+ 0. We shall now compars results

s based on thesas thearies with those. cbtained using Multhopp!s method... Garner has

-

4 ‘already provided a coupurizon of the resulis of ref. T9 (Lehrian) with results
o he cbtained by use of Multhopp's approach. Thése are reproduced here as: Fig.6.
A .. The agreement for both fypes of wing considered is very good. .  w-.ds ouf
1»}( L T L TR R AR vaed R anany dnolo

;. In ref. T10 Lawrencs and Gerber describe a method, which like. that of ref.
k- 19 (Lebrisn) deals with the pwroblem in more general terms, there being no.re-
3 striction an the frequency of the oscillation, ard give results for delta _wings
" of varicus aspect ratio. These, converted into our derivatives z§ zj, ' and my,
£ are ccmpared with results based on Multhopp!s theory in Figs. 1 2253« Included
;,g. on the same figures are rasults in the limiting cese A = 0 ("slender wing

theoxy®), see, for excmple, ref. T49, and the extension of Multhopp's method to
this limit. t’i‘his i3 to be discussed mare fully in & subsequent paper.] The
£ various results are in close agveement, ard it is particularly encouraging to
i‘ nots the smallness of the error in Multhovp!s approach even when extended to
3

the limit A - O. C A T T
. The lifting surface theory due to Lawrence h:s been used to cbtain stabi-
' lity derivatives (i.e. assuming w small), snd tho solutions for the cropped
delta wing family have been largely predigested in a paper by Stone (Ref. T22).
Typical results for 2slta wings are given in Fig.k, wailst in Fig.5 the values
< s of oy for wing of aspeot ratlo 1,848 for various axis positions are ccmpared
with resulis based c¢r: Multhopp'a method. “ho agceement is good throughout the
entire range of axis posizion. The s2z0 in not true of the results for my
of a arcpped delta wing (see Fig.6). Howover, Multhopp's theory and that based
cn the Fallmer approach are in goold agreemend for both the cxopped delia wing
and the arrovhead wing of* ie. 6.

L Tailnlane gontriouiicn n the Juriirs of the wing-tailplane carbination

Bofore the advent of highly swopt winged adrcraft capeble of transonic
specds it was usual fo makr qulte Jweaping simplications in the calculations

- 10 -
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aw of-the tailplane contribubtion to mg. ‘This was usually split into the odn-
tributions to my ond nfe For the first of _ these the procedure was simply

to introduce an additiansl incidence -v- at the ta.:Ll a.eroa,ymmio centre.

ey e LM

.This leads to_the Dullswidg simpls vesult, T G e e T e

-~y

6 OOHICh G . oY fair g o e el - wgaur o s;&';f"*m'}ﬁﬁm

TN .:\,a—*: -y RRS: 5] T T YA VIR Y - gd‘a::k"?
: ;b e o e L e / bt VR 2 c..,«-»:ms; Ltk
coy aaantastund bl e aod nss:.‘h'.:z 108

.- Where zw is the loerce a,arwative for ‘:he ta:Llplane OocasionaJJy an effi-
* clency fac.,or was 3Ineluded o allow for the pa:esence of the wing a.nd bod.y

.{4\;

The second term in mp (* ') was chtained™> by assuming that the do'.m-
wash at the tailvlans rx:rresnon.ls to that generated in sieady flow at a time
earlier than the instant consadered, the interval of tims be that needed
for the air to puss from tho wing to the ailplane, that is, Y/V. This

assuption leads %o enothor simple relationship, cap
" * PP - PURADEPES U A R | bt}
- - N R 7 UG A
ds 2ok e -
8 A 1
Ami.ﬁr q d;z S ( 5)
, " VL al e B ALV I
Combining the two resulis, "
N « \ cveasa L ne trnt. LY LAl de ooy
¥ . “ £~ -t T AR Eadadd
’ = 2s * St st o'
; o {4 t " de .
fmy = (T) g oo, (1 +30) e . (14)
. ) c) S M da A
M ','.~'-\o’ . PR + Lo - N g s Jovee o - © e awa b -
' . .'&:w : ' PR 2 U SR OWEIIVREING SLEX NI i ] sEiLg

w« » Now whereas such s*mpln.;ymg assumptlons could well be justified for stz'alght
. wing sircraft at “eh’cive_y low Mach nurbers, ard large ‘l;ailplana arm, it is
- questionsble whethex such is now-a-deys the case. Same attempt to impwrove on

the above approximations bas been made, but investigations to date lack suffi-

cient generality, e.g. do not apply if wing is swept. To assess the unsteedy
. Plow effects in relatinn to the tailplene contribution requires that we cal-

culate m,,t, Mgy and % iy for the %ail alone, the-moment ansing fz:cm the

foree on the tail, end superimpose the effects of downwesh, In domg wiich
we are required fo caleculate the dowwash arising from each of the three wing
rressure distributions asscoiated with the w, g, and % derivativea
respectively, the above simplified treatment being cleerly incomplete in this
regpect. Calculations on these lines kave recently becoms available for the
rectangular ard delta wings with tails ab supersonio speeds (see section k4 3).
Similar calculations for subscnic speeds, and for sonic speed, using the
theories discussed in section 3 as a basis are given in Apperdices I and II

- at the erd of the paper.

The results for each of the speed rogimes are now surmarised. )
41 Subsonic flow

In Apperdix 1T tho devamash at a point behird an oscillating wing is
calculated assuming that the failulane lies in the plane of the wing wake, or
since we further assurs oo ddsplacement or deformation of the vortex sheet
that the wing end tailplisns ave coplenass Restricting ouwr attention to oscil-
lations of small aplifide vhis imzlics salculation of the downwash in the
plane z = 0 of the ceorlinate aysien,

With those assumptions the anelyzdn of Apperdix IT shows that the down-
wash can be writicn in ihe forx

-1 -

COMFINEMTIAL - DISCREET

LY




ot v e i

o
f",«.ﬂw‘

Aero 2561

o] : " where Fy is tue funotion of the downwash assooiated with tho hadd;sg 21,
e . “Fp is the function agsocieted with all three loadings 2y, %p, £3. These load

contributions which go t make up the loading of the os ting wing (ses equation
~{3a) Appendir IT) allow of the following physical J.nterpretation,

2

'1 u‘n

.

¥ oo {M.ﬁ

&5;;?;«:; 2
. ‘)

q is the Iandiw due ‘bo unit unifom incidence,

,lg

“‘7‘1“:’, ~ 2 e \J.&m

i,’" Lt 3 ia the .'L%.ding dne %o steady pn.tdx:!.ng oscﬂ.‘lation -> abcut the

A oxrigin, ov :wc:dence =,

%&i’: G Y awa Tty fergeeei u r/v' k4

%}}, and 33 is that arizing from e time lag between the loading and its :Lndxwed
downwash (the .an.de'xce is o functlon of ii, JJ, and &1).

- . RSN A IR A I S S 3
. 4
"&‘ Provided thai the tzu.lnhne is swall commred with the wing we may further

“: assume that it is sufficient to take a mean downwash. The results then obtained

e for the force and moment der:.vat:.ves are,

& DA R PRI 5 o B TS | ;
. c . 2 1
3 bz = S¢S [(1+F1)z“9 = [:q + F, + z X > F,’} zét] (16)

\';:{a S3 £ Ct o. o] (1"M )

’»t. . . BTN UYL S B N, 2L WA B (S 3
S and © s wrem e e ——

{"23 . ! 0 b IV A b
S:;‘ N S . 5 - -

B, o rhmy o "éi"(‘-‘;) [%" (148 )z + 2% t_g_ + By + . o ] '
eI A&/ ey V% 52 3 (1-—M2 i
u . P < e aeas (PR, vwoi.m Ldaw (.Q ?f'-@} lﬁ- A ]
g NOEEIORE RS B 457905 (TN YRR LT 0 S e 5 105 o poot

\ . 1. * S A u F ; | {va" ,‘“

a -, (, - x . 4 -

. + (14F, Jmj +{ + = :} J, o ez =17)
.\ . 1 t“ . '2“‘ o 1"M2) Coge L’“’"’i"f'

v where 2, 2, 5 mé, and m,  are derivatives for the isomtea tailplane. The
R + + t t . JRE T VORI i ¥T “ ;
last term in Anj can be omitted if we make the usual choa.ce of definition of
&, the tail am, i.e. the distarnce from the aircraft G.G. to the aerodynamio
. centxe of the tailpleane. . : e
0f the taslplens derdvatives involved in the above expressions z'9 is é
w4 +
considerably ‘rrger than the others, particularly if we m}ce m my = O by 3
, t ’ 3
4 ' choosing & aa .hove, and so a reasonabls approximation would be e*cpected i 1
’ we ignare all waivus excopt those involving Zg o This ylelds, :
% : i
Sy r 2 - 3
(Y t{d .& P :
bzs, » =12 B 4 2 2 i8
A
) ard, ]
s 3
S, ¢ . ;
i ow -j‘-; £ Fy + x s Fyyzg o (19)
k 8 ol3 ° (1-;:2) t
-12 - A
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can write‘*i;h‘_ese- T
relationships ea; PR <

3
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; s ) P - PR s ) e
: w el e . -St $ =Ty 3:K2 - *&'t w2 ol et
Lo . .y kN ,:1?.5 2 -"-g-, ok Fz o > 5'1 3 LN m;:[“&ﬁ(zp)
Gt YA S CC R, (1= ) i fﬁ)?)’iﬁ{&ﬂéj#&gﬁ‘h’ﬁﬁf
St t o Dowl e, aiwollol otf e wnfis (B kbbiepp
and, . wr ST e
P C s 3l 0 b wgehaeh ot uE TR :
SR 8¢ = x ¥ <Mt B
. L‘.ma B - :1-F2+= 5 E'1 5 . (21)
30 (e o (4xu7) . :
RO B RN 6 (R ’

To reduce thé;a te the very simple forms with which we opened this seoticn we
refer to Appdrdix ¥, from which 1% follows that Pz cantains a term which

can be written appm:d.fz;ately - -{—"52—)-_: . -gf provided ¢ dis lsrge. Thus
1-47 )o

* - .

. assuming £ is large, and accordingly reteining only terms involving ‘ (-%')

. e %

the ebove expressions reduce to the extremoly simple foxms of equation (114.).«

It is desirabls to campere the varicus aprroximetions for typicel air-
craft layouts at different Mach mmbers. .

411 Comperisen of values of Az3 and Mmj as given by the various
apreoxama ticns

~ . -
The calculotion of the fucotions Fy and Fp is fairly siraighiforward,
and follows from Appendices I and IT. In ocomputing these the influence funo-
tions as given hy the N.P.L, Tables, and as given by the first term of the
appropriate sesins of Appendix I were used. Two planforms were chosen, with
tailplanes of similar geometry, the first a typicel sweptback wing, aspeot

‘ratio 3.0, leading edge sweep L45°, and taper ratio O.li.{5 ard the secord a

cropped delts, uspoct ratio 3.0, leading edge sweep 45 and taper ratio 1/7.
To study the variation of Iy and Fp over the tailplane area the 7’
funotions were eveluated at points distributed as showm in Figs. 10 and 41
(behind the fivst of owr wings). The function Fy is seen to depend markedly
on the spanvise location, but for tailplanes at 1.5 to 2 mean choxds behind
the trailing =dge bub Little on tho longitudinal distance, The implication
hers is that for loyouts such as these it is generally necessary to average
P4 in the y-direotion. A linear interpolation between the points corres-
pording to v =0, and 1 (7= 0, 0.3827) should suffice. It is seen from
this figure that the asymptotic approximations (see Fig.9) to influence funo-
tions give masulis in remarkably good agreement with exact valunes.

A simdliar sev of calculations for Fp yields Figetdi. This shows that
Fp varies more mupidly with both x and y for the same variation of the
ocoordinates, The vexriation is ouch that the nett effeot for a sweptback
tailplane is not lerge, which suggests that we cowld aprroximats > by a
reasonable choira of a point on the ventre line only,

From tho rsan wilues of & ed Fy so determined we obtain the con-
tributions of the tailpls:s to ) ard mj.  The calculated veluss according
to tho variou aprroximaticns of section 41 are compared in Table I for a

typical tailplaxe arrangccent, whoos geometry is similar to the main wing, and
for which,
8 2,
< =03, 2w 0us L oa 2019, 2 2.9
[+ a o
“13 ~
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Rem-.cs of gipilsw ca..cu.'lntiona for a m:opped delta w:i.ng-ta.i‘lplane azranf_z,"e‘ment
given in Veble IT ard Tz.15. Here it is assumed tha’c, s

S‘\. N 3‘:}- ,"'t 3 it 'F o }4‘:)_1 »50} i&‘:‘
~.§= = O,:'3998.- ) ‘g. A 1003‘:'6“{._2‘ 2,202 ’
'\"'"“\W-, "‘, R .4
SN e b e o pak To B :fzx ,Ef.&‘ ‘

' 24 %k ssen that the. simplest.of the: appro:dmations”(those of equa.tions- (12)-—
(.l,.)‘ provide ressonsble sstimates except at extreme. C.G. positions, but that
even in thess cases the appmx:imatian of equations (20) and (21) are-still ‘

acc‘“l"‘w"a’ . WL it d nod G govige, sdd g M ;,ittfzgm'x'{ ’m’urz.zm
. - qf‘"ir';\,:’ n,.iuaq-rw“{. ne‘ e Ry e T I .
The direct x.cn..arison mt:x scperiment is not pcss..ble, as, ‘aests of wings

‘alone, and with f-:u.lpl.res do not eppear to have been made {o date. It is, :

however, hoped that it will be poasinls later to compare the results for the
deltnr wing-deil cordination with £light test data for the tan.uess, ~a.nd. tailed

-

Vt.rsm.n of! the Boulton-Paul a;rcra.ft. . L e TR J a zzg:z.f:ﬂ .:,_}
. e -‘ 1. S . - ooy
. e Lt T A g i s ok nedBaal Rty od

l"'z Sendc 1oy . s oot T : _'.'v w:d wsid wtt o ou:J.':

o+ ‘5 pre NI He PPels
Also g;ven "in Apperdix IT are calcula.t...ons, ‘based on the same as‘ssumnﬁ.ons
as those of section I;..1 tor which the stream Mach muber is wnity. As. the- wing
loa.d.‘mg kas anly been dntenxuled. for the lelta wmgs complete uzlmla’cn.ons are
only givsu ror th:.s family of wings. R
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The domwash anglo at the tailplans can b written in the Form "% o

e A o s - L T -

A = o lod hadd nladn "m\ !.J‘.xd*

anwe

2 0+ 82 9(::), L7 <, e (22)
wols obtoedonuy b
where i)(:.) is gn.ven by equation (II.29) of Apperdix II.
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If we zefer to Apverddx YT we see that in general it is ‘not po.ss:ible to reduoe
thess ¢ the simplified form of equatdon (14), by making x » «» By mere choioe
of defiration of ¢ wo can eliminate the mﬁt term in the expression for Amy,

as In asctica Lado

Fe wll now iry bo asseas the way in which 9(x) depends on other
paruzd tuvo sesuning we mey replece the terms in x by thedr limits, that is,
wrice, ea ;

X .
A o2 £2 L4 12y L&
9().) M 2 6 4+ CO% A& n l{- cot A& 8 .
with A, = 45%,
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~{3r) but Hends o hecome positive as sweepback.is increased. In'limit :4y =+ 9c°, S ‘«:‘.,
ez Ey L ptT e ST et b 0 AolnnElEe. DA Z3tn SUPR ei\!’.&% {(;‘t’)' o k R
i g ? ~~;;“ .,,: + ,.Aocordingly, tailplanes tend to becoms less efficlent :
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It follows that in the usual range of sweep “for delta wings ‘9 is negative,"

meefns o p"w:.iing damping as the sweep of the wing is increased,’ but this

is offset, of oourse, by an increasing oontribution from the wing. In the
“gbsence of both ihecry and experiment for a wide range of wing planforms and
tadls it is not uossi:)-e to say if this :i:s & general ‘result.. NP

eV e D < ot T e A 1"‘»&1"9*1‘u .
. ...\:uwv - ,‘.-u,%,.‘ o

Tt However, it may be imtmat.we to consider the ‘case of’ ‘-he delta. family
of wings a lﬁtule more clezely., Caloulations have been made for ‘dolta wings
having leading edgo sweerback of 45° and 60°, and each fitted with.a tail-
plane of the cropped delta wing type. This pa.rticular configuration, 43 7’
well as the positian of the tail relative to the wing (in these calculations

~e e AT Y P P R L e L

x s lupt constant ab 2.14-98) chosen to allow the maximum use of the

...

resulta relat:ng to Fig.15, but has the disadvantage that this tail position
does not bring out so forcibly the tendency for the m} at transonio speeds
to becoms more nearly equal on fitting a tail, However, the trend is cer-
tainly present in the resulis of Fig.il, ard the above argument for large
tail arms shows that this belance of wing and tail contributions is more i
. marked for tailplanes placed further aft than those of Figeil
4~ s, )

NN

4.3 Supersonio flow e e
, who e oTIA %o (€2.13) auldoc; r.ad by ai ()6 ovedw T

A discusaicn of the samd problem in supersonic flow is given in ref. T4k, :
(Ribner) which is confined to a wing performing heaving oscdllations, - ‘
Refs 38 (Martin, Diederich and Bobbitt) gives a more complete discussicn

covering steady m.tchmg and heaving, together with results for ths rectangu-

{3i,1ar and triangular wings w:.th tailplanes,

i
_ f
“' P . . R N s
There is, as is to be expected, a general xesembla.nce between the '

expreasion obtained for tihe tailplans contribution to 2y and my and :

thoss for the subsonic £1x Here, however, we cannot so resdily relate ths

general expressions to the well-mo‘m approximations given in section 4, but
. by considering the limiting cordition x +» «» in the varicus exasmples dealt

with in detail, i.e. the vectangular amd triangular wings, it can be seen how

the generel exmressions terd to the simple ones. For example, if we take the

triangular wing perforaing heaving oscillations, and retain the notation of

ref. T2, we bave, 23 x =,

-~ = C e e [ Yita AN ¢ N J.‘m’
: 1—“' A .‘:.;::‘;;:': e .
¢ Y. k11 - (
B » Kg) > | ik (25)
o Yi-A B )
Si.’:C‘J \\4 e 0 ° ;":‘ ‘» .\'{

Alss €rca equation (440) of red. 138,

0 4
'aQE tc?%) Y B Em) ! (26)
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~ Fco:.x these relationships “1t foliows thak Por | La.r G valuf*srof ¥ 3-3’3‘1“ npro:d—-
e muLo o nhe i‘mcticn Gb of equa.tions 71) and %78) by wriﬁng, ——
%’3 - ‘ ,.~f;; U cutdmnAB g BS R -...m.,mﬂ;:r&-. ”"‘""";g Nw
5}"2‘ » B — . “.,x‘}!‘ﬁ( L .-Ei g :;:)"’” W e o
P IS 1S 162 -z‘ V sz \aV) * o oe (,;4 9-1!'(29)
0 ':-fﬁ :;»:«'::",-h}.»"x‘bma‘-“ SR . 2‘?.&
[
. ard heroe retaining only the terms of arder x (o 8) in equation (78) >
8 axrim at the approximation of equation (80) of ref.i, that is, the well-
3 domuvash delay appmx,mation of section 4 above. Retaining terms in Ki" it is
N eanily shown that for other than extrems positions of the aircraft C.G. the
apwroacination is reasonsble over a wide range of tail am length. This is con-
%@ firred by the numerdcal results given in refm, scme of which are reproduced
N hE‘J.“‘ ag Pigs. 12 and 13' o ,:‘ : at s e eni et f-":‘ ¢ R neg ‘
e waptoloed S o ls iy sz mdd !
5 Nin;v..body oomb.’ma.t:z.ons "}"1 .x . Az & . ‘,M N‘ L *
. ) - " - TN n}) O
Thers ex:i.sts no’ soluticn of the problem of the osc‘:u.hting” com~

" bivatlon in general, If, however, the wing-body combination is. slender, we can
use’ tha "slender wing theory" approach. .Results £or varidus bodies in coubina-
tion with delta wings are given in refs, T27 (Norveiler) and T47 (Henderacm).
Althouvgh it ‘may be possible to chtain solutions. on the basis of lineardsed
theary Tor wing-body combinations at supersonic speeds using methods already
avellabla Tor the steady flow problem such a procedure would involve con- i
sidareble labour, Ref. T47 suggests a means of consixucting an approximation '
to the solution of the problem of the oscillating delta~wing-body combination !
fex all aspect ratios at supersonic speeds, based on the. resulits of the "slender
wing theary". Comvarison of these approximate results in the case of steady
1404 suggests that the approximation hia some value, bub the experimental date
Por oscillatory derivatives (Figs. 20,21,23) do not seem td be so encouraging, b
It should be noted thet the configurations studied in both refs. 127 ard Tlﬂ
aro such that tae hody ends at the wing h'ailing edge.

B N

SR

TN IS

T N

6  Wings of £inits thiclmess , P e

-
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In the preceding anotions we have discussed the solutions based on the
neglact of thicimess of the wing as well as the viscosify of the fluid, Just
ag In the ovoe of the steady flow derivatives these assumptions cen introducs
. e wolable grrors in our vesults. For this reason it is perhaps opportune to

diswss such dxvestigedions as have been rade before we maks scme comparisons

of theory and experinent,

Essenﬁfm]’"', all aveilable work is confined to tho two-dimensional case.
Tha caridest atiempk %o inolude the effect of thickness ard viacosity is dus
%o WP Jo".ade end is based on the use of an equivalent thin aerofoil whose
anz.pe is ae ermroJ in such a mannor as to yleld the expsoted steady £low derd-
vatives {as obtained Zrem experiment or generalised data). This device was
used $o calaudniz the cscillatory derivatives for a Joukowsld aerofoil in en
incowpressible Pidd, hut the mothod is quite gonaral, and can be applied at all

- - - £lov oxndibions. ¢
- 1 -
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O takes the umderlying notion of tha Tenea e e
in & wethed which in effect deals separstely with thicknesa and viscosify. oy
__In this theory the rear stagnation point is allowed to oscillate.about the . . .
1 trailing edge in phase with the lycal relative incidence, and with an ampli- . ™
fude detarmined by oquatdng the stéady theoretdcal 1ift derivative to its "7y
sxperimental value. Furtharmore tke position of .the "profils. centre" (mid-; .
chord point for flat plats) is adjusted to give the exporimental aerodynamio
centre. In as much as the-flow around = aercfoil oscdllating in a ocom--
oo pressible fluid can be related to a flow.in-an incompresaible f£luid we-can
1.0 indeel with the problem of the two-dimensioral aerofoil at subsonic speeds in i
"7 {his way., Woods! results are in good agrecment with Jones' for the Joukowslkd
eerofodl (19% /o), and indicates that -my can be reduced by as mich as 20% |
_for aerafoils of half this thickness-chard ratio and more comventicnal sbeape. ‘
!

g, T S
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T T AT T T e ey ot v Gl e
A% supersonic syeads there had been a rumber of attempts to calculate
the effect of thickness. These atiempts are discussed in wrefs. T29, 30, 31,
3, 35 erd ref. T30 Cescribes: a method of calculation, which is thought to bo
gonerally supericr in acouracy to the others.. Although the method is appli-
cabls to arbitrary frequency, and aerofoil profile the results given refer
mainly to siow ogscillations of an aerofoil of erbitrary profile, since com- .
‘pardison with an exact solution indicates that terms of higher order than the ’
{

e emni A TR TS AT PR T 7
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g
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secord can be neglected - = . e
N S L AT Ll DU Wb Fee s NIRNLE L W .;.a‘.,. o
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In the superscenic theory just wentioned the effect of thiclmess alone 1
all that is considered, anrd it is of interest to note that this effect can be
elther stabilising or destabilising deperding oo axis position, but is . .«
generally small for thickmess-chord ratio of the order of 0.05. The correo- '
ticn terms are proportional to the thickness—chord ratio, and added to the
" thin-eerofoil theory" result. The nature of the correction thus differs from
that for subsonic speeds, where it takes the form of a positive factar, and .
“egoin sincs the "thin aerofoil theary" gives a tendengy to.unstabls mj deri-
vative for farward axis positions the effect of thickness' can be in either.
ssnse. 1t may be possible that as experimental data accumilate to adapt »
Roods! approach to the supersonic prcblem and so obtain the corbined effect
of thickness and viscosity. Alternatively the use of an equivalent "thi
aerﬁfoil" sugg?sm itfe.lﬁ.‘., ‘I:i} PP r N "1 “‘w‘;“i ‘fhf-';'-', ’:; S 'f»;‘;i -;*d;i’ “AG.-“ i‘-‘,«[d};\glfgﬁ
L e e ; T AN R I £
All the asbove refers to two dimensional flow, and its extension ‘;,o wings
of finite aspect ratio is very much an open question. Fortunately, with the
trend towards thin wings (¥/c ~ 0,05) the effects discussed will be small |
enaugh Yo permit of cven the crudest estimate of their magnitude, in which |
cagu o correction in the form of an additive term or a factor may be all that
is required for design purposes. . :
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7 Exverinmental data and commerison with theory

A nurher of experimental techrdques has been employed to cbtadn measured
relusa of the derivatives discussed in this mote. These are:- . '

1) Tied tumsl.

2} Growd lawnched rockst models.

%) Pl scale 2light tests,

L) ¥ing flow medei tests. . -
In {1) exd to a leszer extent in (4) the centro of gravity of the aircraft or
the axda conibtlon can be changed over a fairly wide range. This opens up the
possibility of siudy.ig the effect of axls position on a certain derivative,
2oy mp, _and further to cbtain all the derdvatives of section 2 indeperd-
ently, +17 (2) ard (3) eroe generally much less flexible techmiques, ard in
(2) we are ofien faced with testing at the wrong centre of gravity, erd for
en umiopresentativa Lotent of inertia coefficlent, ip. It is, thoerefore,
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axis posifion are Telated to those at ancther axis positian, From equation (5.5)
of xef, T47 we have on separating the real and imaginary perts (these equations ,
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In these equations « 3is the reduced frequency, h is the non~dimensional dis-
tance betwsen the axes considered positive if the new axis lies aft of the
ariginal exis, ard the suffix or index (0) denotes derivatives correspording to
the original axis. It is thus clear that a designer may have insu’ficient data
to even assess thu order of the damping in pitch of his aircraf't from an ad hoo!
{est. In terms of the above equations he may have a value of my o and  zZg.
To estimate w3 resort mist be mede to theory in respeot of zb,(’) at any rats,

whila m,v(o) cen be obtained with the necessary accuracy from generalised
experinental data, and theory, in the absenoce of test results for the design
being considered. ) . ' ) .

. . $ o
- RV TR i S B B S

Before proceedang with a comparison of calculated and measuded derivatives
we note that a1l the ebove experimental techniques have drawbackse The wind
snnnl. test has to strike & ccmpromise between adequate scals, and. unknown and

m831bly lerge turnel wall constrain® corrections. In the grourd launched rocket
ede) the dishubance which is analysed as though it occwred at constant forward

spesd ia fect tekes place when the

model is decelerating. The validity of this

gnatysis ie thus open to scme doubt.

At this stage, limitations of tne instru~

mentaticn, and the inadequate recording of small unintentional control movements
fgether wita any aercelastic effects st a 1imit on the accuracy of the flight
tess resultc, Lastly, the very small size of the models used in the "wing flov"
technique mesans that the Reynolds number in such tests is so small that without
considerebly improwvd understarding of the interaction of shock waves and boun-
dary layer such tests yleld results calling for careful interpretation.

~ 18 ~
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74 Teats on del‘be. wing ta:!.lless a.:!rcra.f'c (Avro YOZLFaJ_g_ez 102. EP 1112
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e Tests u:sing 1Y the above tachniquss have been made on a "delta® wing -
" 3a3lless aireraft (Avro 707) whoss wing planform details are given in Fig. 7a.

In view of this an extensive set of calculaticns, the resulis of vhich are
sumnorised in Pigs. 7 and 8, were undertaken so that a complete compardson is
zore oo less possible for this case. We still lack the complete set of deri-
vatives, but we do have results at two cmh:'e of gmvity positions a.nd cveo: a
rangs of Mach mrbars., 5

g L T
The o ves (Fige7) show, at Mach numbers not near to unity, the parabolio

variabion with axis positdon. Near sonic aspeeds, however, we have this para-

bolic reldtionship only at constant we On Fig.8 is shown the variation to

be expected with axis position, when o takes the theoretical valus corres-

vonding to the given axis position. This value of « 18 given approximately

by‘ Y . ‘,c . e L ~~"1‘3_

A . z, oy -
e PR E D) - (32)

ard for the aircraft in question p is ftaken as 71.45 and iy as 0.377 for
the firm's test flight date, but with p increased to 7h49 for the RAE
tests. A full delia wing of the same lead.mg edge sweep was used in these
calculations.

A slightly modified wing was used in the calculations at supersonic
spceds to sase the lsbour involved. The effeot of this change in planform is
uwnlaown, but purely on the basis of the very Limited extent of the change, is
thought to be small enough for our present purpose. , .

The calculnted derdivatives, w:.*dx due allowanod at sonic speed for the
offeot of @, &re compared with those deduced from various tests in Pigs. 17,
18, 19. Besring in mind the limitations on accuracy on both the experimental
and theoretical side the agreement is encouraging, as is also the mphed -
agreement of the experimental data. e L e ,«,J sroar vl Lk,

w‘»a € f’\q}v“‘

Another delta wing tailless aircraft m.th a h:igher v&lue of sweepba.ck of
the leading edge (the Fairey ER103) has also been tested using the "wing flow*
tcchniques  Although tests have been made with transition fixed and free only
tho results from the transition fixed tests are considered as it is con-
sideved these will be more representative of behaviour at higher Reynolds
Nurber, and adrcratt conditions. Here no direct compardson is possible, but
the agproximate estimates based on other similar planforms & irdicate that
nore exact celculations would give results in as good agreement with the
axparimentel data as would be expected (see Fig.22). . X

The 45° swept delta wing of the Boulton—Paul aircraft gives an appre—
ciehls reversal in siga of mj at near sonic speeds, For this onzz only the
sthaonic valusa huoe been caloculated, and these are compared with the flight
test da%a in Fig.16. The agreement of theory ard experiment is again
rensonebly good, and a fairing of the results at suberitical Mach nunbers into
the sonio value reproduces the measured transonic variation.

Experriments have also been mads by Bratt, Rayner, and Townsend on two of
the abgve wings (Aveo and BP deltas) in a amall high speed wird tunnel at the
N.r.I..‘-*-r:",. amd scze of the results are reproduced here in Fig,26. The agree-
ment with the theczetical values is not good in this case, It is difficult to
stats ot this stage the reason for the discrepancy, but it may be noted that
ro tumel correcticns ocan be applied, and that the Reynolds Nurher of the
teats was Llow,s
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Red, B20 by Tobak deam'ibes"wind ttmml test.; oi' oscil‘L* ’c:Lng mod ls with
dalta wings of aspeot ratio 4, 3 and 2 fitted with -bodies andl oscillating sbout
different axes, and covering a range.of aubsonio and’ supersonic Mach numbers.

The results ars sumarised here in Figs. 20, 21, and 23, and a limited numbex
of"results from theary ave.shown, for comperison. It is seen that all but the
aspeot ratic 2 delta wing suffer a reversal in sign of mg, “ but it must de
remembered ihat the magnitude of the reduced frequency, w,.is quite unrepre-.’
sentatives At superscnlc speeds the estimated valuss agree well with the teat
results, but. at subsonio. speeds. there are too few data to deduce much, exoept
verhaps for the aspect ratio 2 case with the a:da at 0.567 or when the agree-
rent is reasonzbly good a'c Al speeds RO ~

e JEAY v -v-'i 5 o NMA«Q'\I vl —X“}‘ odusid
N S NEPURE & S o 4

Scme results are a.va:_'lable (*ei'. E28) for a range of frequency pa.ra}neter
ard Mach ruzbers for two delta wings (A = 2 and 4) oscillating ebout an axis
through the midchord point of the root chord. Owing to the faot that the fre-
quency, Mach mmber, and Reynolds number could not be vardied independently it
is difficult to isolate the effect of any of theses To £it in with the genexral
schere of presentation, the results have buen plotted against Mach number
rather then frequency as in the original paper. As can ke seen from Fig.25
there is considerable scatber of the experimental data. The meen values of g
arc some 704 of the theoretical values.

i

A e wo S ks hae

Two sets of e'{permorxtal resultst19s —”1 cbtained by the use of rocket
models, and shown in Fig.2lk complete the data for the tailless delta wing
configuration. There is considerable scotter of the experimental poimts, and
so little wsliance can be vlaced on. the numerical values in both tests. These
tests do, however, bear cut the general conclusicn that for typical centre-of-
gravity positions the damping in pitch would show no marked loss at transonio
speeds if the leading edge sweep is of the oxder of 60°,

.' ‘) /-'»‘ e e o

7.2 [Tests on Arrowhead wing configurations (Refs. E6, 7, 8, 14, 1; 18, 24,
» *, 22’ m{'} 2\5)

dred o ‘;'w « B *ﬁ.w,‘ 3 5 Tl SRy
fol el P2

Experdimontel rﬂsults are also ava:.lable ‘for axmvheaa w:i.ngs oovermg a
runge of shapes within the following limits: 2024 <A 5¢5," 3° < 4y < 63°.
0f these, five wings have been tested alone or in combination with a body, the
remairder are complete models ar mll scale aircraft.

[L VN [TV VIS R TON
ko

Yooking first at the tailless models we note that fcu: sweepback of the
oxder of 45° and aspect ratio between 3 and 6 there is a marked tendency to a
reversal in sign of m} at transonio speeds (Figs. 26, 27, 29, 30, 31). At
subscnic speeds -my dIncreases slightly with increase of Mach mwbexr thus con-
firming the irend predioted by theory. Comparison of theory ard experiment on
a wider basis is. difficult, the sonic case being at present unsclved. The
superscnic spoed case admits of at least approximate solution, and here also
the exgeriment follows fairly closely the trends indicated by treory, see
Figs27. Littls can bs said about the effect of increasing sweepback ard
reducing aspect ratio in the absence of both the necessary thecretical results,
end test date, but the isolated case of the English Electrio w:lng of aspect
ratio 2,35 arxd Ay = 60° suggests that the beneficial effect of both modifi-
cabions i3 2 general result, see Fig,26.

In Fgs., 29 ard 30 are shown the results of tests on wings of aspest ratio
3.0, swesphack 359, end of thiokness-chord ratios 0,06 ard 0,105, Small amd
Jerge ecals -:::dels wero tested with smooth ard roughened surface at the leading
edce, Thore iz some effect of thickness~chord ratio at transonic speeds but it
i3 not easily isolated r'rom other effects. The main point of interest is the
large gcale effect for free transition as opposed to the comparatively small
effect with fixed trensition.

Tho «d3i%ion of a tailplans has considereble stabilising effeot on mj,
gee Igzs. 31, 32 ard 33. Therefure it is to be expeoted that the rooket model

- 20 = .
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teste of tailed;‘a-itcra.fit havingwinga withs.aweepof 1;5 ‘ér'rhpfe sheuld.
. shew 1i%tle variation of mj. with Mach number at. transonic speeds.  .0f. the

" test.date prosented in Figs. 31 and. 32 the only Doint that cells for special’

comment is the small difference that exists in the.curves of my of Figs. "5

3(b) and 32(b), at transonic speeds (085 < X < 1.1), where the firat. refers .
‘45 an aircoaft with a wing of ‘low aspect ratio and high sweep, and hence pre--
sumebly with no marked loss of wing damping contribution. at transonio speeds,

whilst the secand ig for'a wing of moderate swéep and ‘aspect ratio. " We may °

o pexmitbted to deduce that the tailplanc oontribution to mj 4s larger in »
the latter case, and.of such o form that it offseis the loas of damping that

would he expected for the wing alone. This is in agreerent with the trend
indicated in section Le2, and by calculation for the case of a delta wing-
toil. combination (see Fige25).

- .

a1 a8 dindbicth P8 S fiisn WOG-
) - Ye !

It should be noted that these model tests refer to elastis models,’ srd
zo canrot bs compared directly with theory in which we assume rigid wing eto.

(sse Pig.31). TR e s oot L a A Sy

N . » - . A
e o 32 LR T ) b S T RIS 5 5

e A

7.3  "Unswept" wings with erd without tail (Refs. EM1, 12, 19)

Those wings having very little sweep of the mid~chord line will.be
classed as unswept. Theory and experiment suggest that for representative
centre of gravity positions such wings would exhibit a tendency to reversal
in sign of myj at transonio speeds. The only test data available on a wing
without taal are presented in Fig,28. However, the addition of a tailplane
should give a contribution suffioient to smooth out the drop in ny, and the

only aveilable data collected together in Fig.34 show the in this case there ,
is in fact a slight increase in the oversll m}) at transonio speeds. ,
7.L  Canard ai o4 R T S S T L T L S SR 'kii‘;:{ﬁi*q:i
* * IS . Lo e e L e FLI . I R, ,.‘.a. ~ - »
The cinard,or tail ahead of the wing, layowt has not been’stidsied to  °*
anything like the same:extent as the mare conventional tail aft layout. In

the normal canard design ths foreplano lies sufficiently ahead of the wing

to be virtually free of the wing's induced velooity field. The contribution
of the foreplane is thus almost entirely to the derivative, end can in -
most cases be calculated on the simplified basis discussed in seotion 4o This
layout of the aircraft implies a centre of gravity well forwerd on,or often -
ahead, of the wing, which means that the value of the wing contribution to

~mj ia aprreoiably larger than for the centre of gravity positions associ-
ated with tedlless or tail aft designs. This can be seen from equations (30)
(since tne 2:h% becomes the dominunt term in the axpression for my), or
frca any of the figures showing the effect of axis position on ny (Figs. 4
to 7). Not ell this wing contribution will be realised in practice, since
cur argument does not allow for the intexference effect of the foreplans on
the rainplarie. Nevertheless the canard design would be expected to give
greater damping in pitch., This is borme cul by the solitary experimen:

(Ref. B38, Vitale and McFell) comparing thé two lsyouts for a given wing, .
ard tail gecmetxy. )

8 Discistion and conolusions

In ‘e preceding sections we have discussed mainly the damping for
csaillationy arourd e very small, or zero,mean incidence, ard for a very
limdted vange of amplitudes. Oscillation about a high mean incidence ard

over & luryer amplitude con have pronounced effects on the damping (see
Figs. 37, 3, 22, 19 arxd refs.Ei6, 20).

The appreciablo effect of the amplitude of tho oscillation is confined

mainly tu the transonic speed rangs, and may he asscoiated with shock wave
noverant and separation of the flow behind the shocks, At low Mach numbor

this effact ias only slight.
-2t -
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i 1451 ted data of vefs E16 “(Hoam): (366 aiso Figs37) pqint'ﬁgo,,;afr“g‘%nvari--

ations in the danping-in-pitch derivative',m with increase in thd mean iuci-
dencs, but because the severity of thése variations is mors marked at.lower -
charge reaults from roughening the wing leading ‘edge “at amaller Reynolds. muber,
it is doubtful whether such large effects would be present in full scale £lighte
2 PORIIR S S et o S I L S e
¥E°Try may-be possibla to maks some 3 I ownnce for such effocta theoretically e
by use of methods such as discussed in section 6, ¢f. refs T20, The three- - -
dimensional problem is, however, an extrensly complicated ons as regards the: R
for&ﬂ&’cicx} og.f.‘qui:f?} 3’1?.%.3?‘?«85\1«,4 , 3 LTt X apcoged wildang golr
PR T R e e s T W DL ) g b L5 T AT 2 s Edpfrmien -
“A thind effect not so f£ar brought out is “the éffect of changes in the fre-
quency of the oscillation. NG general irerd is apparent in the data available
at prosent (seo Figs. 19,122, 29 and ref. E16 (Beam))s; o asefioiwdoes on

Ak aec e B Wowad e

' Reyrojds number, and at Lmnsonic Mach mubess, and the fack that.a largs = ol

PRI TR N 3
e e e Tewr e s B gt e e et g Lo

** Another feature of fhe test resuits examined which calls for oqmuens
the fact that in tests of certain wings (e.g. Figs. 3, 20, 21, 22) the damping
beconmes markedly nca-linear with angle of. incidence. Fox the tests related to
Figs. 20 and 21, the damping is stabilising at an incidence of 5° or. so, but is
reduced as incidence is reduceé leading to a steady oscillation of amplitude #H°
at an incidence of 19. Such a steady oscillation could be an embarresarent for
all classes of aircraft. A plausible explanation based on the assumption of 2
non-linear variation of the steady pitching moment (caused by f£low separation
arising from Boundary layer shock wave interaction) is put forward by Beam in
ref. E16. It is perhaps of significance that this effect was not cbserved.on
the delta wing of aspect ratio 2 of ref. E20 (Tobak). T

From the data availabls from-theory -and experiment we can draw the follow-
ing conclusions:~ ' e

i.  As outlined in the introduction the demping factor of the short period

oscillation in pitch is given by-ims-

. R okdau soundy S A
e 4 a
R = -2 (zw + -.-—) . )
s J‘B 5 :m,,; rfz.;,*: A g .

1oy
\ "

Of the derivatives involved z, generally retains the same (stabilising) sign
througkout the speed range, but for wings of moderate aspect ratio ard leading
edge sweepback of the oxder of 55° or less my will bave its sign reversed at
transonic speeds, whilst for wings of lower aspect ratios and higher sweepback
thers is no such reversal. The addition of a tailplane to the former set of
wings seems to bring about a similar improvement. : ' o

Tiea the sign of mj becomes destabilising the effect of a changse in iy
is in the opposite sense to ths usual, that is, decrease in Iy now causes the
damping to be reduced. Since outsids the transonic speed range the effect of
changing iz is normal this means a more pronounced loss of damping at these

apeeds (see Figs. 35, 36). .

2. The present knowledge of the effects of amplitude, mean incidence and
frequency (which are zost parked at transonic speeds), is insufficient and
future tast progrormes need to be planned accordingly.

3. The discrepanocy between the simple approximation for the tailplans
ooniibution based on "delay of steady flov dovmwash! and tho more exact cal-
culations given hero is sufficiently large to call for an experimental check.
doreover, the highly complicated pattern of the soparated f£lows sround wings
of conaiderable sweepback at moderata to large incidence will necessitate the
tosting of & nurber of up ard dovn tailplans positions. ‘

22 -
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N L  The compardson of availsble expsrimental results with thecry ia -
' encoureging inasmuch as the thecry gives a sufficdemtly accurats estimate at
" subscndo srd g’tiper;&?rf.o spoeds while indicating trends at transonic spseds.
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5. rom (4) it is concluded that an attempt should be made %o S ~
- the sanic theary to oover all plenforms, and that a systematis set or_oal-m I
* oulations should be undertaken to provide a basis for the preparation of ~ ™7 7 -

astimation charts. This calls for the use of automatic computing machinery Lo

*o bring the time taken for the task witain reasoneble limita. e

y vt ku owasenwd w0 T
AL 4 fen [ N Y APV P IR S P e -‘:d.'. RN
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A e ey = e v

- - i e LRy P AR AL PRSP B
6. As is to be expocted Multhopp's approach to the 'agbsonio tmstead;,f’ ’ i
flow preblem becomes unrelisble at stream Mach mmbers near unity, but the ~ '
calowlatiovs for the limiting case of zero aspect ratio indicate that his a
_ general mathod of solving steady flow load distribution problems (to which ‘
" the unsteady problem can be- generally reduced) can be used with practically i
no restrictions It, thus, seems that we have the means available of cbtaining
soluticns throughout the speed rangs, and where required for any frequency.

B
i
i‘ o
I . LT T g -
{ It mwb be stressed that while the exlstenoe of these solutions shows, ‘
| that linearisation of the problem is possible at transonic speeds, their t
inferprotation in terms of results for wings of Lfipite thickness, in a viscous
d . fluid, and with shock waves present requires care. All that can be hoped ia
! . that they will indicate trerds with change in wing planform, amd that they
! will form some Jdnd of bourd to the values of the derivatives for actual
! wings. The resulis rresented in the comparison of theory and experiment .
; . irdicats that the sonio solutious given thers df, assist the designer.‘ig t{u’._s‘ ,
} Ry e S RS R } A e ) f
f o 2 N e LT R WG wil ared - R ‘ :
: wpageloninso gk 1
. }
T I L Ut '
; List of Sybols * " . = JERNEROE I +CL U AR
: A aspect ratio
g . . *
' a 1ift curve slope ---)
g oa
. N " LN ‘;i-! 7,
b wirg span (£t) . T
444B),Cy,D, ocoeffinients of stability cubic, see equation (2) J o
oy, 14t coeffioient RN
Cm pitching mcment coeffioient :
¢ British mean chord (%-) N
3 "Aerodynamic® mean chord -
9 dowrash function, see equation (II.31)
x _ N
ha —§ aris position measured from wing apsx in torms of mean chord
¢ (pooitive aft) .
iy inertia ccelfficient (about y-axis)
gy :
I w=—=2 wthalpy (acceloration potontial) :
! }
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g i i (ieldst of Synbols_(%td) "
BrS ¥, - v , A A
78 7 nobkine ke VL «rf:'f“ 0t vy wb omueafonkl. higin
?3 g 3;%’- load coeffioient (¢, ) g wx.."’ 8820
:f i%ff . Lfaoh mmber- ,...,:\&“&...r.{...:ua yrsdot an# 'm W‘zf&?& .-
] 3 ?’::»‘; o
g ’: M. dimensiona.l pitching moment derivative due £ re.te of change of w
R el -
g’ =5 n (stesdy) rotary demping derivative in pi‘.:ch (d.,.mensionless, see
4 i a R & 4 1501 ar Appendix III) ] -
% G : .
»? Y m, itching moment derivative due to rate of changs of w 3
b dz.mensionless, see Appendix IIX) -
!é : f > ’% P A BT LN S ‘f"\d't ) ﬂ?‘
? Ty = m, + o full rotary damping derivative (damensionless)
‘ i - TaLur ot v
¢ - n= 27@ frequency of oscillation (sec 1) v
; | - . L IS T T "J [ IR C N a4 ) u.un.:..-;".""l. "-w"a C"l‘
' .r.”i. . Do Ny ‘. ’ e AL YA R L o) wrilvis 1 a4t
l: W= redm:ed frequency ’ ~ I A it
b Q rate of pitch (redians psr sec)
3 DR .
& 3, dimensionless rate of pitch
; E elevator fixed damping factor of shart period oscillation
‘ & (dirensionless)
B -
)i %f s gross wing area (sq £%) .. -
; :;" t = 'V-% time (5803) . Q-a: :;"75‘5.;:-2 !2!';_
? ;{{ BRI A B SR ARSI poraal W30 M
i ) % o wnit of aerodynamic tima > (seos)
;, I \-..\
' . Vs velooity of alrcraft in mxlistm'bed flight o free stream
i - veloci‘!w (ft/aeo) .
T [, B Comn ek
: v .weight of aircra.ft, hi-} \
) w increment of velociw along z—a:d.s in d:.stu‘rbed £light, ft/seo
W dnmnsionless, increment of incidence in dlsturbed flight
3
. X,¥,2 Cartesian coordinates
Z _ force along z-~axis of stebility system of axes
. N z-force derivative due to atead;r pitching (see Appendix III)
Zg z—“orca der:wative due to rate of changs of ¥ (see Appendix I1I)
‘ . 1y =z 2y full norm" fo:ce derivative in a rotery oscillation (see Appendix
III)
A a wing incddence, rsdians
¢ 6 dowrwash angle ak the tailplars, rodians ;
e angular displacement in pitch from equilikrium position, radians
‘ - 2 -
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j ) angular di.splaoement in pitch from equil:lbrium nosition, inm o
: ) _ spacs fixed system of axes, redians eoe- BV e AR eSS
‘ PERE T G .«’g:';‘:
§ i amplitude of the rota.ry osoillation, i.e. ma.xixmnn va.'l.ue of 0 T
: & A& D i _;L_eading ﬁ'ge sweepbaOk anglp w«fw- 4 wmf-'tf’«f%ﬁt'“ o ‘(‘ / ‘ 1“ ‘
) . .- -Ax, te
. r‘* -
u 2 relative density of aircrart [m—To). ioeri)
\cd AELN- gpSo/ \.lf.v?»u.u .
P " air density, slugs/cu pt vt st o d::,{s‘?_.q
, ! s JMLWLV)\ SR KA -uldt‘:«
? n;siﬁn“l‘:ess el D ::‘bi{ne‘“& TG YRR N 0 S KA 7 ] T
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To avoid repetition of nmc.b. of the a.na.]ys:.s of the ordginal references
the notation of these papers has been used in Appendices I and IT so that
certain basic relaiionships can be merely quoted.
0T T Mulfeaddas Joron Bo wto ’T’g‘
f gnry M sdns seafookamans B ’l o
o gy - BEERENCGES -, xe %
{antls .um-’”".ld}
é Theory Lhy cets gg,l.‘. SIS ) - 3 '
. N juther O mMle el u Gusd
i ™  G. Temple . Modern developments in fluid dyramics.
{ VoLl III, chapter IX. . Unsteady Motion. March 1950.
‘ ARC 13,024.
PR S TR (LSRR o .
T2 John W. Mileg ;.pplica.tion of msteady f]nw theory to the cal-
culation of dynamic stability derivatives.
Aero Fhysics Lab. Report AL~957,
North American Aviation, Inc. Sept. 1950.
73 T.L. Cowley The effect of the lag of the dowwash on the longi-
i. Glauert tudiral stability of en seroplane and on the rotary
derivative Mq.
. R&MNO-?“ ) 1921' L P
T4 S. Neumark Analysis of shoxt peried longitidinal oscillations
of an airoraft: interpretation of £light tests.
RAE Report Ho. Aexo 2479. .
R & M 2940, ARC 15,600. Septecber 1952.
T35 He Multhopp Mathods for caloulating the 1ift distribution of

wings (subsonic lifting surface theory).
RAE Report No. Aero 2353.
R &M 288, ARC 13,439,  January 1950.

T6 R.C. Garner Multhopp's subsonic lifting surface thsory of wings
in slow pitching oscillations,
ARC 15,096,  July 1952
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M.D, Van Dyke Supersonic flow past ocscillating airfoils including
non~-linear thickneass effects.
NACA TN 2982,  ARC 16,636, July 1953.

h .
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" ) % é.é)ﬁ;&

TE8

3
o

M W.E.A. Acum Note on the effeot of thiokness and aspect ratic on

the damping of pltching cscillations of rectangular
s moving at supersonio speeda.

wing
ARC 15,864  CP 151,  May 1953.
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R e M3 RS, Mal-Tistuto  Theoreticel lift and damping in roll at. supersonic
B 5 Ko Marg.s speeds of thin sweptback tapered wings with stream-
gE 2L . HS. Ribner “*%*'yise tips, subsonic lsading edges and supersonio
5 SUsiwr o thadling edges. -+ e
2 &5 C NACA Report.970. 1950, T mh e
3 y ) T camd s NAGA ™ 1761. . Jama'(ry 1949, it D il
s [ (R A P e «,'anv 4
i ¥ e
3;,‘, T 733 F.S. Malvestuto Thecxretical stability derivatives of thin sweptback:
2 ; K. Margolis  wings tapered to a point with sweptback or swept-. .
g : - s e e e .* forward trailing edgos for a limited range of super—
g:.“\; . T ire mw "’: somc S'Deeds e ‘}
% NACA Report 971, 1950
"g T34 J.C. Martin The eff'ect of thickness on airfoils with constant
%‘ i N. Gerber - ~-vertical acceleration at supersonic speeds. -
f oo © ."Ballistio Research Lsboratories Report No. 866.
sg PL4:3359. May 1953,
B, -
g ' T35 A, Wylly A second-order solution for an oscillating, two-
2 . - ~'- = dimensional, superscnic aixfoil.
A AR v;_-: mm Corp. Rep. 3951. ;
s‘g‘ 736 F.S. Ma.lwst‘uto L:ii‘t and pitching derivatives of thin sweptback
& ; D,M. Hoover tapered wings with streamwise tips and subsonic
;3 Yy, == v! 7 leading edges at supersonic spoeds. v
}é :‘.;.“.ﬁl B . e “:“‘v; R ‘e't_,,u ¥ NACA m 22914-0 Febmary 19510
9 A v . R . ‘..,‘v“.. CRT T .
i‘ i\ T37 F.S. Malvestuto Supersonio 1ift and pitchi;.g moment of thin sweptback
5 - D.Y4. Hoover ., tapered wings produced by constant vertical accelera-
< ' tion. Subsom.o 1ead.ing edges and supersonic trailing
- es. sRar T el N
g NACA TN 2315, Ma.rch 4951 -
: 738  J,C. Martin A thearetical investigs-tion of the serodynamics of
' . M.S. Diederich wing-tail corbinations performing time-dependent
4 P.J. Bobbitt motions at supersonic speeds.
] NACA TN 3072. May 1954
% 739  H.S. Ribner Stability derivetives of triangular wings at super—
3 P.S. Halvestuto sonic apeeds.
ig NACA Report 9080 1948-
3
3 40 S.M, Harmon Stability derivatives at supersonic speeds of thin
E: rectangular wings with diagonals ahead of tip Mach
k lines,
] . NACA Report 925. 1949.
; NACA TN 1706,  November 1948.
{
™4 J.Cs Martin Calculation of lift and pitching moments due to angle
K. Margolis of attack ard steady pilching velocity at supersonic
I. Jeffreys gpeeds for thin swoptback tapered wings vith stream-

wise tips and supersonic leading ard trailing edges.
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f 42 A Robinson -+¢Bound and trai]ing vortices in the linearized theory
... JH, Hunter-Tod  of supersonic flow, and. the downwash in the wake of
" ‘ . Jald oo B. delta wing, .+ . Eomvys . rf?‘;i\»;v}f& ,_& ) .«i::x’f,” -

e s e FCollege of. Am'onautics  Cranfield Repart No.10 '

ARO 11,296.. - R, & M. 2409, Oc‘.;ober 1914-7. -

wiep S .x< ORI RN i

i 43 J.Co Martin .. The ca.lcu.'La.tion of dowrwash behind w:l.ngs of a.rbi—-

: v ™ frary planform at supersonic speeds. .

« oo NACA TN 2135,  July 1950. T "‘“1; S
ERET. S i ik L r’r(u‘:, o o

44  H.S. Ribner ’l‘ime-dcpendent d.ownwash at the tail and tha pitc}n.ng

mcment dus to normal acceleration at supersonio

r‘i.l MIK‘J Py :,XJJ h

speed.S. R S
NACA TN 2042,  1950.
oy e R e I VY (40 *T,L'"""” (” Ry r\
75  K.T. Mangler The short period longitudinal stability derivatlves

for a delta wing at supersonic speeds.
RAE Tech Note Aero 2099. ARC 14,€85. ¥arch 1951,

™6 I.C., Statler Effects of non-statiorary flow on supersonic dynamic
.»8tability characteristics including calculation of
" tail loads for longitudinal simisoidal motion.
Cornell Aeronautical Laboratory, Inc. Report No.
TB~5.+1—F—-2. P}9550. ... Februaxry 1951, |, .. .
oV aeepee o} i LS TR0
T47 A. Henderson, Jr. P:l.tching mément der:watives qu ;‘nd Cm':. fat 1
«+ . gupersonic speeds for a slsnder-delta-wing and
slerder-body cormbination and approximate solutions
for broad-delta-wing ard slerﬂen—body combinations.
-% NACA ™ 2553. December 1951, ~
- e xh' * a7 G
48 J.C. Martin The effect of thickness on pitching airfoils at
N. Gerber supersonic speeds.
Ballistic Resea.rch Laboratories Report 859 »

*

a*

T49 I.E. Garrick Some research on high-speed fluttex.
Proceedings of Anglo-American Aeronautical
Conference. 1951,
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o 1% oobabdo 6 (& ORE Tosma o ankw Sexeqar
~0e Sexuton, ;o ,jm_hgcgsu;:anen‘hs of: the. aercdynemic c.erivativ'es foz- a
I. Woodgate clipped delta wing of low aspect ratio deseribing

Add. Alexander pitch:mg and phmging oscillations in incompressible
f . f ) )
saecofioal Bas - oiBARC 15 499. - December 19524 P L A 2 S T

AT .'JIL.E" “a AITRED Ly D yRElkelaty LREfdons wi il

" GuF. Hoss i ooiw-Low speed wind hzmel measurements of. longliudinal

.oad.llatory derivatives on three wing planforms.
aved wOIRAZ Tech Note Aero 2208. ARC 15,972. Noveobexr 1952,

e

T. Lawrence . The- study of. stability at transonic speeds by free’

- Re Harmer . : L»*;,,flymg models: Tesis on a.tailless aeroplane with 45%

=3 meda dowi.delta wing (B27/46). ozt
RAZ Tech Note Aero 2220.. ARC 15,589, January 1953.

J.B. Bratt Measuremenhs cf the direct pitclu.ng monent derivatives
W.G. Raymer .. -;s forvan Avro B35/k6 wing and a DH 108 wing at transonic

 J.E.G. Towsend . speeds.. ARG 15,486, - Decenber 1952.

w4

BN B0 AL SN2 S SRR BRI T IR
D.J. Ransy . »Low speed wird tunnel tests on a model of a revised
J.G. Trcbble version of a dolta wing bamber (Avro B35/45).

T & oin iDL GRAB. Aero Report. 2;.16. ARC 14,286.  March 1951.
a8 oo ta iRl en woteesh fadnoaiangms et Lo

‘ .f.B. Bratt Y wMeasurements of the direct. pitching moment derivativsa

W.Gs Raymer . %for ap English Electrio transonic wing and a Boulton
Je5,Gs Townsend Paul delta at transonic speeds.

~unnddnda s we. ARC 15,206. + Septenber.1952, RRTNIUE0 S
: Wme T LWL W Y ool on ey
C. Scruton. ,..u1;., Measurements of the aerodynamio derivatives for an
L. Woodgate arrovhead and a delta wing of low aspect ratio
A.d. Alexarder describing pitching and plunging oscillations in

incompressible £low.

~ ,»,ARc 16,210.. October 1953. el ; R
b B e x oy - L daws ks Amhaet
W.C. Triplett Prel:lminmy i‘hght inveata.gat:.on of the dyramic longi-
R.De Van Dyke tt.‘.dz.nal—-stabn.'lit:/ character:.stms of & 35° swept-wing
L N v sadr pl&n@.
Mc.Vrm/zsn, NACA RM 350J09a. December 1950
PR ‘ e} 4 - S SRR | 3 S
M. Tobek .+ Bxperimental damping in pitch of 2;.5° *t:ria.nguhr wingsa
D.E. Roese NACA/TTB/2725; ° NACA RM A50J26. December 1950.
B.H. Beam ‘
G.Ti Mitcham fercdynamic characteristics ard £lying qualitics of &
J.B. Stevens tailless triangular-wing airplane configuration as
H.P. Norris obtained from £lights of rockst-propelled models &b
transonic and low supersonic ‘meed...
NACA/TIR/2644. RM I9LO7,. February 1950.
C.L. Gillis Preliminary results from a free~flight investigatiw
R.F. Peck at transonic axd suporsonio speeds of the longiftwiinel
hLed. Vitale atability and control charantoristics of an airplans
configuration with a thin straight wing of aspect

ratio 3.
MACL/TIB/2890; NACA RM LoK25a.  February 1950,
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_129_: Author ”
‘ '» . I{Lm;-“* :xﬁ L e, ;"1""' A REIES wwu;::
Bf2 C.L. Gillis Wing-on and wing~off longihxhnal chmcteristics

A.J. Vitale % . of an airplans configuration having a thin unswept- ..
. tapered wing of aspect ratio 3, as cbtained froam |
a e s Pk il Q\ﬁ-lrocket-pa:opelled models at Mach numbers from 0.8 to-

et Odesh i'«.frf‘l.lk... oy ,:.ﬂ:a.ﬁ foguals .. rm’y,-mn el
6t oz i ok e;sz:*NACA/TIB/ZSH. ' RY 1501{2&% March 1951 T
E13 G.L. Mitchem Flight determination of' the dra.g ard longihxiinal
N.L. Crabhill stability and control characteristics of a rocket
J.E. Stevens 21 powered model of a 60° delta~wing airplane fran o=
LR J:*"f‘”“llachvnmbersofo.75to17~.. -
. © T f U NACA/TTB/2941. -NACA RM I51I04. November 1951.

Bk J.H. Parks .- i ‘Longitudinal stability, trim, and drag cha.ractens-
. . AsB. Kehlet s ticg of .a.rocket~prropelled model of an airplane con~
figuration having a 45° sweptback wing and an unswep$
" horizontal tail. RS TU,
NACA/TIB/P&- NACA RY 152705,  August 1552.
- BN o L 5 SRR S VI NPT PP
BE15 C.T., D'Aiutolo Pre]_:.mma.ry mves tigation of the low-emplitude -
ReN. Perker + . damping in pitch of tailless delta-and~swept-wing
configurations at Mach mmbers from 0.7 to 1.35.
mca/m:a/szsé NACA RM 152G09.  Auvgust 1952.
) T T a MEPVRE, BRIV & v VED o [TURWTES JRRPPOIN 1Y
. E16 B.H. Beam _The effects of oscillation amplitude end frequency
on the experimentaldampinginpitchofamngﬂar
s 4o oo, wing having an. aspeot ratio of 4e 4 Tk
o . i e NACA/TIB/3347.. - NACA RM A52G07. September 1952,
P RO S B L U i X TV R T 4 Frvanae® desds-
F{7 E.C. Holleman Longitudinal frequency-response and stability
characteristics ¢f the Douglas D-558-II eirplans,as
- e m‘determined fram transient response, to.a Mach mimber
‘of 00960 PO ¥'s £ FTLURRNR £y u;‘&%}ﬁ&&};’ py s
NACA/TIB/}zgs, NACA Ru 1‘.62E02. ‘September 1952.

, ¢
o e e e L TR v A A

E18 E.E. Angle Longitudinal freq_uency—response characteristics of
E.L. Holleman the Douglas D-558-I airplane, as determined from
experimental trans:.ent-response historiea, to a Mach
murber of 0,90. Sl R VLA
NACA/TTR/ 3415, HAGA RY 151x28. Febmary 1952,

X
x';

&9 J.C. NcFall, Jr. Iangitudinal stability, control effectiveness axg

. JeAs Hollinger drag characteristics at transonio speeds of a rociet
mopelled model of an adrplane configuration having
an unswept tavered wing of aspeot ratio 3 and NACA
65A00L. 5 airfoil sections.
NACA/TIS/3585, MNACA RM L5204,  January 1953

E20 M, Tobak Damping in pitch of low~-aspect~ratio wings at sub-
sonic and supersonic speeds.
NACA/TIR/3686, NACA R¥ A52L0La.,  Apxil 1953,

E21 S, Faber 4 transonio investigation by the free-~fall methed
J.M. Epgleston of an airplane configuration having 45° sweptbeck

wing and teil surfacea.
NACA/TIB/3758. NACA RM ISD40.  Juns 1953.
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P NO- Author . Q\f‘ﬂ ng ._jﬂ'l . . .'_‘- - b ‘
. "{ EZZ R.Go:A;i{ic 'vtvﬁf).e Free-'flight Jﬁngi‘hﬁ:!.nal-gtability mstigation n;‘\;-.‘\ i

A, ginespie g ', noluling come effects of wing elasticity from dach
i "”"‘“, * Y% nuphers of 0.85 to 434 of 2 tailless missilo con-

figuration having: a- 5% aweptback wing of aspeot mtb

R e e R R A T A
oo b
Lt
H
{

o SOEP ‘m‘«amu. . ,{iif 55, <d vt At SN E D " IR T AN
‘ . TI3/3845, NACA RM 8. August 1953,

da ¢u-f-:.£"‘&;.ﬂ ’Y’fsd") ﬂ"fﬂ Mwa‘ .—u";\o.»« ,a'ﬁ HJ-IL&!J Ia-ogam Oiilung;qxi-dz?}‘y -7

E23 CilL. Gillis” : \‘Sumary ‘of piich-demping derivatives of. camplebe air-

R. Chapmn, Jr. ~plane and missils configurations as measured in £1ight

e “dat transonic and supersonic speeds. 3

. NACA RM I52K20. 1953 ’ PR %

. \'c‘!(V-i RAT k i ws .u-&vm- od e €0 "-2'.».).’. eyl a&mﬁ-!&.u 04‘&“( -,v“.‘;

v

B2 A,J. Vitale T 2 Bffects of wing ehsticity on the asrodynamic charan-
= v e"*Xferistics of an airplans configuration,having 45°
e - ... Sweptback wings, as obtained from free~flight rooket.-
s o eww sCUimodel tests at transonic speeds.
: ) o NAC'L/TLB/3606 NACA RM I52L,30. Jamm.ry 1953.
: R R TR T e )
E25 ¥.B. Kemp, Jr. - Damping-in-pitch characteristics at hlg,h subson:.o and
R.E. Becht - -+ transonic speeds of four 359 sweptback wings.
NAGA/TIB/5922. ~ RM I53G29a.. Octaber 1953.

L
Yo x

S -

- ‘&., ;‘1}\! “(‘} P, ‘.‘\:'IC—.,.\,.J....

. E26 A Hendersgz}, Jr. Investiga.tion at Mach mubers of 1a62, 1,93 and 241 of
e MmaE. L bhe effeot of ogcillation amplitide cn the damping in
1]

SAS e d

IR B & F C L AR .i...Pitch of delta-wing-body combinations.
mc.q/ma/}gw. NACA RM LH325.  Ooctobexr 1953«

(% RININSNAT 1 73 a2g- o ~ LAWY

T

¥ B27 E. Widmayer - Jome measw:anenta of aerodynemic faroes a.nd nmnenta ul—.
t . ScA. Clevenson '~ 'subsonic speeds on a reotengular wing of’ aapec’c ratio ¢
i “* 8.A. leadbeatter oscillating sbout the midchord. PR}

" L NACA/TIB/3860, -NACA R4 53F9.

: ) . *v* ~2ARC 16,757, August 1953.-

’ E28 S.A, Leadbeatter ' Some measurements at subsonlc speeds of the aercdynemic
' _ S.A. Clevenson ~ foroes ard moments on tvo delta wings of aspect ratios
o " 2 and 4 oscillating about the midchord.
NACA/‘I‘IB/&OBB, NACA Rii I53J26A, Deceber 1953,

‘ E29 J. Vitale Longitdinal stability and drag characteristics at
J.C. McFall, Jre Mach numbers from 0,75 to 1.5 of an alrplanse config.ara-
J.D, Morrow tion having a 60° swept wing of aspect ratio 2.2 ug

cbtained from rockst-propolled models.
NACA/TIB/3435, NACA RM I51KO6.  April 1952.

E30 J.R, Hall Pree~flight investigation of longitudinal stability
and contol, of a rocket-nropelled missile model hawize

i- . cruciform, triangudar inline wings and tails.
zg NACA/TIB/3071.  NACA RM I54J47. March 1952.
‘ ‘gé EM  MT, Houl The longitudinal stability ard control charactaeristics
= H.T. Baber of u 60° delta wing missile having half-delta ip con

trols as obtained from a free~flight investigation o
transonic and supersonle speeds.
NACA/TIB/3398, NACA RM I52K1k. Octooer, 1952.
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E32 ReFe Peok - -4 ﬂuRocloat-md.el :L.vestigation of longih:dinal stabil.i"x:,,
; JeLe Mitchell [ , .-and drag characteristica of an airplans configurne
vy sl 5,.;:?»,;».& tion. having a 60° delta wd.ng and 2 high- unswent
ook sosaan e mfm;v . ihorizontal. tadle. .. slaar
o NACA/TIB/55I+6, NACA RM xazm,a Ja.mmry 1953.
Lo :"m":m AR IER HT 5 . < AR e '\,ﬁ ”
E33 R. Chapman, Jr. Longd, tudinal stability and d.rag cha.racteriatios at
- J.D. Morrow .. Mach mmbers from 0,70 to 1.37 of rockeff-propelled

dre Ll A aom o na :mmodels ‘having a modified. triangular. wing.

. «aeogNACA/TIB/3105, , NACA RY I52A31. lfay 1952.
FRevy OS T e Y -

E3% C.A. Sendahl Free<flight investigation of the longitudinal

=t.  JeRe. Ball . 5 2 ;stability and control of a rockst~propellsd missile
< Linviragminodel having cruciform, triangular, interdigitated
- - A, mg m talls. s ¥ CPrerw

. ?mca/m/sw,u, 'NACA RX I51B15. July 1951.
I P R S R T NSRRI SL SR L
B35 J.H. Parks Longitudinal sta.bi.h.ty and “trdm of two rockB'b-
: A.B. Kehlet . . propelled airplane models having 45° sweptback
: e . wings end tails with the horizontal tail mounted
o m‘,‘ in two positions. e
. . ) ‘IACA./I‘IB/AO}Z NACA RM 153J12a. Deoember 1953.
) SR Ut d gL =g ant g v weataoH L L
) E36 T.H. Kexr Flight investigation of the shart period longdtu- .
- ' . -+ dinal oscillation on a 45° deifa aircraft (Boulton
{ . NeeT o Paul PHA)e ey _“‘Mu
g RAE ~ to be published. .
:"&5:“ . "' ' . STy wdir e FEal I B EARY, 2 AEOR Y Ve Y ey AT I
3 B37  JeJukes Y Flig,ht meesurements of the short pem.od langitu-— :
e K. Smith . @inal oscillation of a 50° delta aircraft (Aw.»o 707A
Q . ‘at high Mach nurber.
o5 RAE Tech Note 2319. . ARC 17,289. July 1954
e~ *.B38  A.J. Vitale Longitudinal stability characteristics at transonio
Tk : J.Cy McFall speeds of a canard configuration having a 45° swept-
g ! . back wing of aspect ratio 6,0 and NACA 654009 air-
s foil seotion. )
je. l NACA/TIB/I490.  NACA R IS4I01. November 1954.
g%;% i t . * \‘ i . ” iv«‘{.v‘l
0 ‘ o
: 2 $ ¥
§ ‘
._ : Attached:- Appendices I, IT and III '
b Tebles I, IT and IIT .
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2 +Asviototis Emans:.om J’or ’ho Inf-uence
_{,,F\mc sions of Vultt‘opn'ﬂ Subsonin Thecry .
}'\‘}J - ‘1'. :’i;?: =t

' this ap:ond_x ws shal.. der..ve exbansions for t;xe influfmco fﬁ.mﬂtions
i, 3, 14, end 33 wialch apply for large distancos from the vr‘“.g in ths lox
tuedinel c'i_*.roct:-‘. n, but withcut any definite restrictlon of the lateral
ocooréinnteas Thess expancions enables us, to discuss ‘Lhe bekaviour of the
influenco functions urder these condiiions, end in addition provide an
aliernetive means of evaluabing the influence functicns, thus openirg up

YRR T E NN

nerheps a simpler approach to the gereral

problen of dowiwashs

To aveid na‘:mg the evcussa.ovx w‘.dt._.y leng re.ferenoe w:u.l bhe mede o
resulis obtalined in rof. T4, - "

e\ N J

LT oD e . L= ‘k\qn -
* had
.

Cur stariting point

is equation (T6.41) from which we heve,

A

wxy) //- xt .,') - -
-~ 5 -1
! 87:(1-,& W (eyt)®

o

P R Ty

} a:co:l ax'dyt. (T.1)

(s
[

2
5+ () (ryt)?

Perferming {he indegration with i‘éspeét o %, ‘we obtain, B

(33 '{ .

v-;2(7:’5".) g 3«2,y -
Ty ¢ 8,,((4:’\“2)‘, ,(«(, :) {(""") + I -‘*)"+( ) (y-5%) }Fn’-’d\v‘o
(3 yyt)? S
Inserting for % frem (76, 112) g:;.&e‘q:‘ ke 3 .
2( ,Y) _ 3 f el )t ; o, i L )

T = "3

3

\\tvx )

X [{v(n ) cot 4 Lu(n ) <oot§ - 2 gin @)] ;(;;)"J \7;;2'}

gix',y')

. ¢ o 2 X 2 T x
' vaere D) D) i‘(.o-.\‘) + v/(x~x ¥+ (1-u(2)(y~y ) :} . {1.3)
Comprring (I.3) with (26.45) wo then sve that,
() = 00* 3 B, A I(x"ﬁ')2 =)y | aEY L fna
- e, "o Ko ]
v V4

an -

.

“he form (T6.41) witero the second set of muskery i
y of waf, T4,
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we can rewrite the equaticn (Toh) thus, o o
[REPES SIS PN P
. oor o _ )
. ‘ 2 -
#H(X,Y) = -:—-tf (1 + cos 9) {(X—«.%:) + <——Q°—%;9;—)} de ?
> . e
| e e
| " 2 o
; + %/ (1 + cos g¢) (_{(x-q’;)+ (—&-%t?—;%)} + 12_] dy »
L
° {£e5)
‘ Introducing new coordinaies,
!
' Tt T Y
X = (X=), and ¥ = g
we cen write equation (L_)) ; after soms red.xct:.on, as ) ‘;
- e - I f T
X x _12_ .
% 2y £ [, £ ¢
u(xi_,‘p) = X+ 2 (4 + cos 9) | (41+¥°) + 2 2+ 3 ap  {I.€)
o [ -
where £ = 2 cos =1 .
kb .
R For large velues of Xy we cen expand tho integrand in the seccnd tarm to givo,
Xy (1+4° ) 2 2
; “ J 1+¢ T 2(1+y7)° g
. @) -Jue e
R 2t 2 2(1+y) '
35
e The integrals involved in (I.7) are of the type,
o ' A 2 cos 0 = 4\
B s CO ~
; Inu/(1+w5@)<-—-—~—-# )d(p
AR o
=
-,,j; vhich for n=1, 2, 3 givos,
1'1 = 0, 12 a -;L‘g ’ and, I; n e a-_ respeotivelys
o
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. Inser’cing in oque.t on (1.7) we final]y obtain the follcvring asymntotic
development of ths influence function ii, . o

. (v X .
,"' g T, mev(«t\n—w ..twmqbu%-&-»-—-- o~ Mﬂég “

.*:‘ tf!l } 4 N e,
S A = (X%) s +¢§ +— ‘2)5,2
0', u.. . “2 1_’
- k ‘”(?}‘2} ~ " .ﬂ M : ' o A . ’(ﬁ*"t:/‘ 41‘ ‘M‘
. . NN ‘ﬁ‘( f\, M

S

‘ﬁJ@Xf M:, ‘(Io 8)

From this we ses that as X+, * 41 - 2(x-é;), apd further that by oonrpc.z‘._rg
with the expansion of the influence.fumction i, given belc«v, that Tor lacge
values 0of X we mey approximoie by writing, (IR o
{-‘:v H G onve = S ""‘jJ: v‘*g"“zﬁi’ Sl :L.“"" - S 'P:»':} 18 (‘;’;}J.&
o L Wl
This approximetion plays an importmt role in the development of the simnls
relation for the ta._lplane inm:ement 1.. mg sae Append:.x o
We can, of course, expand the function Jj similarly. Aéﬁ.‘ﬁ,ﬂc&xo&rﬁw,;
with equation (6.5 we bave for Jjj, the influence function associated with
p & L & .Y
.‘,4 e ToT ""’ 3ok L] *:'} ~\a..<~ = (,‘iugu
A 2, (12
-x! ~x! ! ax?
i = ~/(cot——2smep)[‘“‘ §(x-x!) +(1 )13 ]
< LT
. - 2 no8 - 94 3 Ezat oue ’
= %/(sos ¢ + cos*29) {(X-&) + -—-—1'-_?-——-“ - dp e .
) o Wl et e TRl AN e g Dithad ::n .
I B I R e 3T I BTGt NS« v+ AL
L x. LA L R :2: “} B SRR \-"% i ',‘?'f.::ufﬁ‘. M u
+—f (cos ¢ + cos 2p) {(1+\p ) +—-;-<2 + 5(;-)} d . il (1.9)
0 5.
Of the first integral the coefficient of (X-f) 4s zero, ard
/ (cos 9 + cos 29) (Rcos g ~4)dp = %o
Experding tho seoond integral wo cbtain integrals of the tyyxe
) = n
Ix‘x a2 f (cos ¢ + cos 29) (_2__9_9%?__"__1) &
J
3
. ¢ which for n=1, 2, and 3 gives ﬁ, ~-12% and ézi reapactively.
fz This ylelds the following e:'.pansion for large values of X4,
?
2 I 2 1l .
8 5 4) = +-—-'i(1+\y) ey I L
14 )\‘ TaufP g 20wd) /
%
1L 10)
. i: P33 - 57 -
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Y

< 86 that as X "l'co, JJ(X,Y) w2

=~ Returning to the. dcwz:wash oquatwn for steady ﬂ.ow we ‘can readilv deduca
similar expansions for the infl ce. functions,. that then ocowr, i wl Je

These are, R .\,‘g ety 8 & o e
1(x,y) = {1 § L} ¥ 1., (nan)
242 2 X
WP s(epy /e &
i Ax «.\.1«».:‘ o omad ;_ PERVHRERE Mle colh i PR T m"ia&&{ h ..:..m.* P

of which the first term clearly cmesporx‘!s to concentration of tha Toad 2 c‘{.

the quarter—chend point, end, — I e air g s .
R - PRYST YN a rafe ew s y o= RS Y T e -
. Ve o 2 P i X 2 bl A T PR {{RF I SR
: Y 3 ¥ 1 =
J(X, \b‘) = Y 3 . (x l + . ™~ eve o (I- l})
2372 " (&%) 2972 (x4)>
Cae T gy /2 R
Al e e o [ SO -.-"-:'“; S #% T Lo

It is easily shown that these expansions are equivalen? to those given by

Multhopp.

Froem. the form. of. the above expansions it is reasonsble to supposs bl
for the purpose of calculating dowmwash at an apprecisble distance bem..xd. Tl
wirg (e.g. at tailplane) the first terms only would be adequate approxiua tions
to the functicns. Thess apmroxirations are ypresented graphically in F.Lgo9,
and calculations of dowrwash referred to else.vhere in the text: :md:.cate that
they are in fact good aprroximations. N

3
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L 1. Subsonis Flow -

Dowmwash ’oeh*-*a a wing verfoming low pitch:lng osoino.tions of
small emplitude, and tailplane contributions to zo and mb

LA SN A T 3}44;4\,& gl RQJ.UI "'D&SW d} m{ C\T "‘JJ

v

hd . . . J D

w,d To simplify: \.hs ana.ljsis, vie: assume. the wing and- tail'olane to he ocvpl.amr.,
. Furtherzors, we shall assume no distortion of the tmidng vortex. sheet.

Taken together with the restric*ion of small emplitude, as is appropriate in

a linearised thecry, these assumptions imply that.we may set z = 0 in the -
goneral equation for the downwash. Accordingly cur starting point is equa-~
tion (76.36,37) which states that the upwash at a point (x,750) is given by,
cemtstraar b gnavEg ((Sv et e ) BRI (el (e o et R LA AN DI

X 4 e

ruf W -
; - - ; io) t+v le)-_ fa Lo
vy . w = Re Wle L . v v
L) T X3
4 a,

3 -

4__1 / Jf - Fx,yt) actay! }“QLV<HF>'%, 3

. [(x x') + (1-&2)(y- )]/2 ! N
:1hn - -~ ‘ . (Ix.1)

It is odmissible for slow oscimtlons (or retaining only the first puwen of
u) to approximate to equation (II. ) by expmxd..ng the exponential- “£émm, We

can then write ... .. . AR R L RN ”
{i' s IR WIS \—; e ..‘,‘ i :.-— ~acl add \:d 5 ,js.,u; A
* w = w1 + wa "‘?«a A I YY)
where G . e e o pai . ek o
-, N ,,w‘x e ",..«’ - J—.! ‘m-;.—... by w ‘-;..:
) - L0 [ [f Uelor) st ) o
2 2,7/2
: St 8 ) e (1)) G
SR x ) N ”
~w(%y) = (x Oxt,yt) dxtdy! '61 .
) 2 8x 2 ~M2 /2{ o
~a "x') + (4 )(y .Y ) ] : JI5.
Tro loading F(x!,y') is mde up of o mumber of terms, which if we ~icn o®
: o6 the amplitude of oscillat:x.on, can be written (in notation of‘ ref N6},
Uxt,y!) = ﬁ*(,l +i‘—'{}23> 0L)
x
witn P2 () ()
3 44 12
-39 -
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-1 Z, is ths ¢ Icading due to. unit steady pitching about the wing aper,
e g X .
. L oxr ina:!denoe GQLﬂl tO a ’ ] . S - .,&:__;.!.:Fﬁffﬁ“‘ ," L

Fspend. 8. 48 the load:i.ng which arises from; dovmwash delay,md gives riss bo {he
- ISEEN derivatives.. . .; ¥ %o woismdeil Nt Tmiumed. LEBy 8 st YL
xE =:':w wrtss ~f ag WLl fL.m‘. Yo Hoktodt Ui edd nilw :3‘:* ;Ao
The corresponding incidence is given by equation. (84)e  gmeodd soon TN
- oz reiedn Y Y TGRS0 aasars wnd ~o‘} :'o.:':., o. T

. The integmla “of (II.2) are evaluated numerically. after:introdustion of
the influence functions, 1, J, ii, ard jj (see ref,6), giving the .;uz:matio*w,

—1 i /‘_ J::’ ‘_" \ %(m*d ) é; -~
~F 2 by, uvv“’v + 'jvvl'1 )~ b (ivnYn + ‘jvnpn)
i (1) .
and, . L

e «‘{mﬂ)
vou) T2 0 Sy, e ot o, e
_i;-é:_l T T PG (_va * ""’w“ )= P g (Mt ¢ ‘j"vn‘“r')

+ - * »ov

s
————— =

<

£ 4 e s
¢ -

N [ hand ¢

-‘2'(111'—1 ) (II.' Ll-)

T L A Ly vwotrerese v o llae el et aldiint Lo " e
where the prime on the sunme.tion symbol indicates that the term for_which

n=y is excluded, and where ¥ a.ndpa correspord to the loading Z.

f Replacing ¢ by the loading 1, &2 and.. &3 according to equations (1x.3)
' we now Write, T '

»

! ~ -

‘ 11____(1_1““) 2\{“)51.1«:._1_2_+ e M3 )
ver RS Vo yaaf) Y
- Ao o s s v A semmmmee et ‘4 & T v 2
ard . - CLo s > (XL.5)
; i-,%; z —LE c 21 V 1-?_{‘2\} neglecting terma
; ] V(1-!z£2) we in ¢% and
I . higher order.

The second suffix denotes_the loeding functions to which the particul.. soatri-
w " ¥ -

bution is related, e.g, -—:[-1- is cbtaired by inserting ?1 and;‘ for 4 oxd fi

in the first of equations (IL.4). To evalunte the upwash we aprroxinmi%s = the

£irst part of equation (II,1) thus,

¥ o pedotut {1 L, -(—1-?&2-—)} {r1,¢
ard also write,
- L0 ~
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wher b, v.i.r{me of (11, .
"e:.u3 \kyvvn &&ibn\*iﬂ«(x 41 54)~'a— m&:&f’i’ﬂ“:@ A )J&I ¢ g
Wh cokdaups s} emas ¥ yaa.; cadis. m’ﬁ N su ‘m mafma :
o, 7R

R R T L fl'*"f\-’: (x y) '~"1- ’rs: T mﬁ:a -
i .nc..,:a“ Bl w:i Mmﬂ sxm‘i.::. el o “N.m.s.m .;Q i mﬁ"*uz’ e

s T o Pty netbisdlaeadh L Mnad

" and is in fact the umvash for tmijform incidence in a stesdy flow;

A‘.

: ST 3 A e R L '
B (x,5) 2‘.9.,31_1.+<___1-a¢2)3’_13 1 ,ﬁé,,f&l,l‘]”
2 A VE" S A CE o B # -‘;,,Lé’ma., RS R
Insert:!_ng ﬁ:om | equation (11.7) :Ln eouation (11.6) we “.ave g . .
e - \x»l;«{_}‘“ - F, l’:;‘“
. N S SR S A _jw";af -
4 ot [ ioc
X ::R&G*e F(xy)+——|:(x,j)+_ F, (x,5) }
v LT T L2 ) T J
. “ . , e ~ :} .; » “
:‘ . - x M2 _ '
= 0R(xy) 45 [F (x9) + 5. o w <x,y)} : (z7.8)
CL ETTLVLRT e o) T L e
e
P U Y
It thus follows that the effective ineidence at a point (x,y,0), whick is the
sum of the geometric incidernce ami tha urwash as given by ZIL83 s 1 .
.7 v RS SIS aﬂ;?.;";_‘r_'»*:r: cefh ik mpab add Voardioetex
8x9,0) = (1+F o+ 5 oy {Fa' z. (13.9)
4 e s - 0 (1—M )

> X i
L t

Now for the calculaticn of *‘orces and mcments on the aircraft we alull aseunms
that tailplanes ars generally suffioiently small thet the distribution of
incideance @efined by (IL.9) may be replaced by & mean value, cb%ained by
taking a mesn of ¥y and Fp. These mean values will be de woted by hore

over the symbol. We therefore write, B
' S e ¥ < . T oo T
- ¢ cfs . x Yol n LU :
¥y, = (1+E')3+[ «{F +-_-;-—————F}:|:9 (1r.10)
& v vi2og (1_3&2) 1 . .
K

o e >

from which we have, to the order cf accuracy of the remainder of th. zal~
culation, .

LS

31; = (1+§1)|'9 . Ll

The increment in the force along ths z-axis due to the tailplane iy,

B, @)

Subatitut .ng for Ot ard ¥, anl reducing to the usual non-dimensicr:l
derivative form we see that,

i -
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’ - e * . - f"i -si’ ’)ﬁf s ~:~ fene o
i may be simp..ii‘iod to yield the A“Imo:dmte forms (equa‘bio;f.; 18 20) Adge
" cussed in the main text of the paper.  The simplest of those (of. equaticn. il)

-~ calls perhaps Tor & Sonewhat more detailed discusaion here, bul thia is
. deferred until after the cal tion of the pitching moment contr:ibutim. T‘na

increment in the pitching moment is,

R - UL LT 8 1t :xm;;m see miotian wol dtean v ,,zz':.m i T

) :;:; "‘}AM = &Zt+Mét0t+M0t0to . .
I s &t < ¢ h Tma™ i} ¢
P :-4 [ Wiatreacnlit ’E"‘“‘:“ » ") ¥ --7‘:—-1 ‘\--".«m,‘ po—— .:,,,_ F— \T.t:\'} .
From this we readily deduce,’ N . :
B s - 9 “ S v“ _ )
G) ()[ 2 nn)
oy = ST (1-14 )z +—- +F, e+ = Foiax
d S \c !9 2 b (1'M2) 1 0,
"': ‘j; » V. -
et S M2 WST e
* s x
+ 35— 1+E‘ 1:1- A= 4 F. 4= ¢ =P {m .
® ( ) E ) { 278 (1) 1:} ’9*;]
e (13.13)
- JI-—n‘z ,,‘__.,....M’\ e .-3“"'?*‘1»‘..t) -

In both (II.12) e.nd (II.15) Zg s 2§ C€tc. refer to the derivatives of ths
t Y% .

isolated tail.
N L PR ST Py

Returning now to the approximate forms for Az "and fmy, we note that
retent:.on of the terms in =z on]y .rmlies a co*xs:.derat:z.on of the brackst

*
o < pa . . s e d - w4
% e s s vdde W iU e A Ul ey e A s o

“d
@
H i *y
. e’ '\: u—@mm . ———t ’t\ \, q, v& 4 ‘-J 1\’ o “'( 5;; ” f\;‘ “n“’:
L | v " 5 . ¥ .
) S [& x e
& 1.12 S 1
A o0 ks 00 L <L O (1";’& ) RN S5 SRS SN 1 AR
i

3

T . S B N "' et ‘3..': e T T i
At first si%ht there mey seem 1ittle connection between thls and the simple
expression (equation 14) given in the section on the tailplene contributions,
but we assume that the tail and wing are far apart, so retain only texms of
highest oxder in ¢ or x. Then of the terms in Py the only one which we

need consider further is that involving \?21. Prem Aprerdix I we see that we
can approximate to ii 'by -c— i, and §j by 2 for sufficiently large values

cf x. Ignoring the tems in i we are thus led to the appz‘oadmatlon

Wy ¥ x 1
""‘3‘ ¢ —_ N -, ° "‘1'1" . 'I.‘r.uh-f\‘
- - 2 v \ 7
V w ., o (1)
Introducing this approximation, and ccsbining it with the torm in F1 XY %00
that the bracket sbove can be written appreximately as,
L x W )
': - "—l 8 = <1 + %j') (II"-S
e o V o Q

with x 3 ¢, ond introducing the mere familiar notation for the dovnwash tur
steady uniform incidence. This leads to the well-known approximation wiiheu~
further restrictions on M.

- 42 -
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20 Son_.c Flow (Delta. 1123 )
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L P s e UALVEA

Wo havs deall with thé prdbicn ot & tailpisneoming Scebisation of bog

plenform at subsonic speeds. At transonic speeds there is-certain to be &

marked effect on the. dowmwash at the tailplane, and hence on Az} sxd &ny,

dus to the presence-of” shook-¥aves on the wing. No analytical spmwaah cen

at present deal with this extremely complex problem, but it is possible, as

mentioned in the main text, to formulate the linearised. inviscid flow thsory

(excluding shook-weves) in such.a manner that we can inoclude sonic speads

At this limit the theory beocmes appreciably less umwieldy and the solubion

has been cbtained for delta wings by Mangler Ti2e » We shall now pmceed ‘uod

evaluate the downwash field of such a wing, and hérce the contribuiions to

zhy and mye geﬁﬁa.l, for any w:.ng we have t‘mt the upwash a2 poin’c
(x,y,O) is given by, vl RN SN L C el L
5 Y i S,
. .% ;emt = (w, + uw, ) olnt (o 16)
SRR T L R R I S T
where

w(xy) = o Zf I (at,yt) EI (y_y SR (11 6a)

! - \ o st israan . i\-, 91\ N
. N - N PRRCYON s R )“ Ky
an,d’ “ K ;N ...: - A.-t

¥

Loemley) = /[ <§',y')7§=¥— Foy) | (I0A6)

-

Pt el & a{)‘.‘*".‘ RLSEL T

w ‘ . eitwis
in which, P o ":
.._..,“";"‘h ‘u ' vla‘tx‘ ‘;‘ ¥ -3 ',x)ﬂ
Yy
Fx,y) = ""'(""xt)/ -—-Y—-ax'dy'+-—//|: [ B8y )-5]("“. 2
(yr")
+ By (=,7) . o (x1:160)

and,

F(xy) = = [[1(x,y0)d inw(y-_y‘) dx'dy?
1()( y b JI:’ Lr(:f Y ) W s ZE(JC—X') (y—y )2

20(x-x')

0 -&;![Lr(x',y )—-——dx—- , {71164
8 . .

since (x,y) lies outside the wing and so we may replace the sing by iis
argunsnt. 3 is wing arvea and S, area of wake ahead of (x,y,0):

——n A m—

* The more general case of the cropped delta wing has been consilexed by
Mangler ard Themns but the (unpublished) solutions so far obtaii.d s vifler
in errar by scmd unimown amount (probebly not very pronounced) or whilal
esaentinlly correot indicate that the higher order terms in « may heww
coeffivients involving terms like 4\ and 1/ (A = taper rat;.v;g BG 2 en~
during some expansions unsultable for use at the amwall valuss of A, nosuwally
used for cropped delta wings. L3
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Now or the particular fnm.ﬂy of wings we' 76" comaiderin ng) fows thy
following solutions for the modified load.:}.ngs Lv , axd

- X}
(P [ARPPIPRIS ¢ SPN .y | g);:.u“ Con TS e RPN I P 7Y 73 ).5"55‘ o
£,

' L RS (G g3 Pl S R &,f«wn,\:,{zwm. st 3, e s vendas 8- e/ m,..’

xt‘

B B “q.‘) “a mﬁ;s:l I&‘(I’ ') g w‘ 64 ’8 2 - '2 P a‘}‘l.uu ;'- &5
P

A B BN . A y
: 7SR 70 R Y YR oxb T Y et uzy:' a0 o3

PSR { TS, S 32 14 d.';:fm,.,, ::Im'r;‘ «Eu.v- v AuBEgarRe wfud b L3008 dand g & R
ot ,.m.x Bounknid nvrwnu 53 m..;ff:m': ok ek xx.“.m kg &w’w”-"""n’ 1G4
ot almop abufonk few ol g, - T L:LO + Ty + Iy v eietoonn as.a-, el
Woliavt i oS Slatmy nied il sl ook ool :mt HLRT S .;:,
g Wy ‘
where, A“'& "i&f '-;I-t:-ii YRV 5“}"":5« _y."XJ»i "J ke e “'h. “n¥ ““l. tatda 4"’5
v a LR nn iR easd MWIX Ui @ a0 Dle s g apind o v"~.,.",.,~x,",'“

it

’ . o a Ty TR arke Fadt e 2’ TH g *’{1"}2':9“*1‘/2*2” R B e
' = LY. : 7 R . Ty
Lio(x’,y ) = B& -yt , G Ay

. -
ktn“' 4 » Vol . ww; -

e ‘ o [5T3, yex! 2
f ] Li1(x”y1) n 2!9‘ Cot A& EAC' {:— ‘E' \[.8;: - y‘ n L- cot _Ax‘d}

‘4-
»

and, finally, - :

R o *

Lot ex
) 5} o 2
tyt) = - LN B
Liq(x ') = ox! { 5 Sy TV } ‘

A
f

The functions are now intrcduced into equations (II.16) and (II.16a,b,c,d) ard
| the resulting integrals evaluated. We beginby considering an integral of the
! form, AT R
'
i

2 dy!
H(x,y) = / / T [f(x )J yl }__.Y_...
2

C M & (y-y*)
PR '.:’.i« i ,’;"‘ -8 x N ‘..‘.t............ . R :_;,. . . -

. in . - e
- e W R B s

- = [—gf-y,—[f(x')ﬁ]

—[y]tanAe’

; S f(c ‘IS -y' s s
ﬁ NS [ _'_j')zdy (xL.47)

We have to take the principal value of this m.,cgra.l which can be shoan o be
~x for y < s (Mangler, ref,T26), a condition vsuilly satisfied by & colnt
anywhere on a tailplans. .

As a specisl case we deduce that wy = ~6* for all positive y2lusa
X > Cp ard for ¥ < 8. The naxt stage is to evaluate the various contr‘b\‘»
tins to wy(x,y). To calculate F(x,y) consider the integral,

» .
PN O 4T S

Awa
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;: * which becomes,

- = ) - % “ ‘ “
Gand iz v w,-?-a-‘- 8 -~Ay'2, ’ ’j;(;1}~~‘5 oA ;‘;;‘»'.Jai 18)
R I T v SO A ‘
' {8 1) . - 3 N ' iR g o R
- Thus z T, A Koo = ~ - ) - {4 ‘.4!f:—;:;'4$u St
ST B g R S -«-1.: ﬁ*: RS e R PN O
- // [z f I’r(&‘.y )as:l g ff T axrgg
{] = - 2 b .
ix (y-y' )2 2 4 (y=y')
) O - (33.019}
AT DO SO r‘%
The area S is now divided into two regions 81 a.nd 02 de.fmeo..
2 |y| tan A, and so we write,
—— : tan A 8, —5—5
8 2....y'2 v [yl 4 6, 8 z_y‘z
/' __Q____é_. axtdyt = - / ax! / gy
4 (yy!) . b ()
3 R
. £
."-+' / / ayt -
] e 5, (y=y! )
: y =8 ;
? (TTc20)
We have
) . 8
3 2 2. 2 2 R .o N -8 - - “,x")
& " 8, —y! \‘ 8y -yt = ] &- ay! -
— &' = |~ ~sin “z" -y f N
(r1) (y*) b s 2012 (y01)
-3 =3 -8 .
¢ ‘ . U 2
= ma-y j (1x.21)
2 T
-8, J y! (y"‘}") 4

"N

In the rogion 8,, y < 8, and the integral on right is zero, bub in 8,

f

¥y > 38 and the sams integral has the principal value = 2l «  Tas

¥ Jya_ 3&2

or ly[ tan A&

2 axtay! .
// 260 = —x/ dx! + xfyl f —..—iax—.:;
(y-:/ ) / .,Jyz 3

o]

¥

R LA AT R U Y

X

equaticn (II.ZO) can be written,

Tt T A T e S W

. e

-
P

- g Beevseae o gy

= -x[:cr--ﬁl‘zﬂta.nlx&:l. {1x.22}

P

Fm
%

ul}5 -
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S Combining equntions (II.19) and (II.22), we have,

W4 - )
o 3 PR
I L il [[[2 [ L(&y >ae]—9=¥—- ae o0
': h R ~’~ - - j-‘y - Lo
o N . e (x»as)
i' - - " L T bt
' To comgleto the calcu.‘:.ation of F( ,7) W bave to determine “the fwctmx:
1 » =z hm RS ¢ re, “ i [
| 2Ry st M_” :»f‘,; - {"‘{J x.“)x“ “";})35 { ng' :_.?
i : Now RCRE AN e i) b A BN '
¢ : A - = .
[
s 4 dxtdy!
: ‘ ) (ny) » = [/L (xtyt) 2O
; i L v ¢ . ~ 2°(x_x') , , v . .
1 g * g mo=i FEF I S XY .
M . o 3‘6 ds -~
R _1..[[ W N, gy
- b (G722 25(z=x)
re] -3, 2 VA
! = "5—: cotzA 2l
i 2o 4 (")
N * Y, Q ‘
oy s
T 2 x e
= - &% coth, {1+ 4n ( . (TT.J{.)
; 25 x
i : e
Collertmg terms we have, from (13: 25) and (I1. 24), h "
- e wen e e e \ _, . Ml T, e . e s L] 3 "“ © emm e G W% 'l;
v
k I ' XXy ~C Ay
1 P(z,y) = —0*[1 + li_-l“’-l-tanl\ +cot2A {:1 +—- (xr\'i l ‘
‘ 2¢ c /’ -
(1L.25)
It remains to evaluate the contriuutions to wy arising from the leudings
; associated with ILyqg ard Iyy.

Over the wing surface *hhe f:i.rs‘.: of these is simply,

t o= r &J & -y‘ &t 3t
0 7 ks [[ ot i (yy )Z T e j (y-31) T
o] -B&

= -&‘[1—--}5-1{-1#&:\1\&}, {11.26)
o]

ard the secord is,
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L --1 "."»’:"":’""‘j*'"~ ‘“".’:’;"'?'M);‘f?iv‘"'?‘»‘ e = Ws,..{g;\i T .F‘!"'t. - mmmmmw”yfw &—\ ;t;u‘{g‘.? ‘:
h ‘“ -8 CIh amd wnd St o
B¢ w- m \ .
;’} ~ -
- i : . dx' t
g.g .: ({_20: ::v"w - ;n'i— // d\’
(y-y )
|5 8, ,‘
{ ) i 1-’2. adw-;.: p ’ ‘ ’
< E 3
i , o
§ R Ko wd ) " ‘-8 x& : ‘
. o «:;r;fw. {m,::;.. ) m‘ﬁ vm’: 7 ,;: 24 ,:.ﬁ.l_e.:r (2N
E or by use of equetion (II.17), o Al R
o T Y "
RPN N {xx.27)
wi1 =2 - co 7 4000 5 * .:.:-.bh[/
Finally, thero is the contributios due to the steady pitch losd, furchion
Iliqt This is,
" [y
iq = 1
, iq 7 Ix 1 (y-y)?
‘ H ! - ’ . o "
: - -x N
v - 2 27 dx'dyt ¥
i Sk [(x~°>J%“y‘}""‘""
‘ . c ‘ (yv") N ¢
) . :"S X R TS R (TN S I
.- xo oo
! = - 0% < —--:-> by use of (JI.‘I?) (T2.28)
. P Y 4 o, .
i . N “T L aa - e mprw ohoPow .
' * -
i From eq_uation (28) of ref, T12 we have,
: 3 - - NN S S . T A N R
' I (x',y') = g (xt,yt) = 0 he ot beel s
in the wake, and ' o
r B . . e
I &Y x!
'y tyt) = t oty oo 1 gty SEL
2 L(xhy!) = g (xty') -5 ] ACEUR- :
i "‘.-" 5 x&
 § .* Ly
§ ) 1 d&!
f = T-;i[ & (&,y*) —-é—- in the wais
i ' %
‘ b
i g "
1 . a ~ 252 L 1% por veks of delte virg st
i c sonic speed.
N - Thus
. 'ﬁf} ‘ X 8 -
J 2 .2
iy A I TENEIY . Y Ly l2y?
Y l(-‘K i ’J o 1 2
(y-r*)° (y-y')
Xy -3
0 x~xy
K - 'f“""'(—':""Z s & (xa) . {ix.2:
23 26 r )
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Sunzning the various contributions o Wy, equa"ions (II.25, 26, 27, 2.8 a:i‘. 29) .
) tad; - PRI w2 NS D e
. we obtain, - T W} Ty ?’f R TIR 5 =T
R i TRV

x<0 x - SR
wi(x,y) =7 0; 2 "( - r) -2 "-9°“2A6 (1 +,"":£_' & 212c > {Eecofu\.z\‘j
ST I AN e, 3, . - ]
““57:'???;&""““‘38"*’-, S B A e NN
l‘ "‘ ¥ 3 " - -, Q v/ o ) ;u : ‘:, w 4n ‘;0)
- & . ) . N . .

’ v /' . int
[ S - TR A~ N 'in--w, e
SV T AT TV
v e + - I ”'r:;" ) o A ] '.‘,:‘.'. .
3
. - W
a {', 4_1:‘\ i 3
. N P A s % 0 -l O S
L e 2% G TTNEE R ps e ( v : o - el o 1
/ k= keon” L o
O -
= 0+ 2 Kx) - (31.31)
* Vo . L
. [ N
‘-l :. } 'l) Ay -7
W. IS

if we write - -5-; = Xx). It is interesting to nole thed for y <8 the

downwash depends only on the strcamvise posifion of ths point (x,y).

In calculating.ths tailplane con‘ributions to zZ3 ‘and my we rexiea lhe
seme aporoximation es before, that is, wo replace the incidence distributian
given by, X

. L. - . R N
v D R Y J [ it L TP B -~ i

by a mean value dsnoted Ly a bar cver the symbols. Using the suffi'f i to
denote derivatives for tho isolated teilplane we have,

v/} S
. by = =L o (.cf_' -9(::)) zg, ¢ (1m32)
pisz S
and for the moment derivative, ' T

mo
9

tmy = ——7
p¥Se

5 7 c
t ¢ { v w s g '
Am‘ = ey : :- - 5\::)> (z + =1 . 'Lﬁl:’ }
5 s 3 ( 6, "% ol)

Wo havo as yet not defined ¢ pracisely, or in other words fixed tas azis %o
whick the %ailplane derivatives refer. If, however, we now choose ¢ 1o La
+he distance from the aircraft centre cf gravity to the asrcdynamic zenlre uf
the tailplans we have by virtue of the approximate relaticns zgy = z;, and
By & Wy
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% x5 s me W T ja‘w*z-}r,«m‘:?:::’t
... 'Raport Hoe )erc 4561 R
‘.*{ 3 We have already discussod the usua.l simple a.pp:o:d.:'nationa a.nd H:s z:elm;icm ‘
et " - to the results cbtained in this Apnendix for subsonic conditicns. Ik is
-y possible there to establich.such a relationship (ses sadticn. 1) For zonic

spaeds equavion (II. 30) showz that ‘a parallel simplification ie oi‘ rach loas

3 g © -7 significanes, .8 can 18 sean if we consider the behavioir of £H(x) a8 x

58 . ’ becomes large. The only terms affected are \ o Cat - .
', ¢ N ‘ - - .o »‘ﬁ’:‘,_t—““ » A-" * :l,‘\ e, " . ‘-"“.‘ ot ,;/:' g »VV.’ . -
‘} ’ o ~:’:’« - " B y oo e ’_;“‘i:'?‘ ) X=0 ) T L “‘.’.:\
-~r—’°:m(*;23).. W (R,
.: a For large velues of x ws may apuroximte as follows,

0-‘ N zn "C x e cr )
a4 | -z
» .
,. § x /°r %o

i & = o T roE e

¥ bl 2x

rr .

b o

5

v fa

A g Thus for large x this term is of order -1, and the other term of arder

X 4 :

" & =

,*‘A: ’»i L] o
By - ﬁ It follows, therefore, that provided x is such thet we are permilted
¢y to linearise with respect to w, 0(x) -»{i + const. for large x. The

Y, . } c
i simple Glauert result involves neglecting the constant term as compaved with
.'-' ‘—?- » but as the constant term involves a term in fnw this approximation is
c

: g of restricted usefulness.
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‘Conversion of A:ﬂérican_Derivatiires ata,
- - 57 7o their British Equivalents

<~ P

L « a5 T

) / N : Equivelent in
American Symbol | ‘Meaning Equivalent British Syrbols
A wL \:' L" ) -'2.Z. - ‘
CL . — 25 - s - 22
a 3 3778 3vS | -
M M -
o, . 3e e 3 22p
@ da %pVZSE‘S gvSe o G
OLq aoL_ ___.Z*L z_._h_z.g._,.:é. .‘z,:z
a'(gé) pvSe s & ¢ %
oV
‘ 6, WL Mo 2 L [N
(“mq "N =2 2 \= (= m‘l
(qo> pvsSe gSVe™ \o S
a ——
X
L 4L 4z, = /e
o el IE T - IR € I
3 (38 ¢SV o © o
\av
2 <
. 15 (&) =
& = 2\)‘ -2 = = w
i) 3 pSe ®
@)
-2
C + . b = o
e () =

Relation between mean chords

S = British Stardard Mean Chord = %

= American cr so-called Aerodynemic Mean Chord
b

/2
P
b/2

[ c dy
'.’b/z

For trapezoidal wings we have,

ol

3 s &, §1+)\+)\§!.
s O (4N
-50 =

CONFIDENTIAL - DISCREET




’\ e x- w!un% Bagrom sers iaedie g":""‘ ~ .

SWEPT WING of Ref,E20. .o
-

5+ i .-L«

PRI -~ Saay g v a 8 -
" fiing Geomotry oth,* " AR = 3, Eiwus®s a0y e oagy

-~

.‘.,;~ . ,0 AL B K
el R I %J( LR e e me P
i | (ozy)e| (2, (Azo)3 (tmg)y| Cmg)y ) (p)s

— et |

006 "0086 ‘-00811- -'0083 "'107115 "'1069 "1068
0.8 : :‘0'95 :'0095 ’:0-91{- \;‘1091{- "1088 "5089

5‘ ‘x" * ot . “ w - o

g . : qs&gg\af’" s& -: ) 2.019: - Oeli5; % = 20925, "
R P ¢ - )

3

- Varistion with 0G position | .. e . i T
- . N LT SO SR T S RUNE T Lo P

. 5 - ‘ S
- - = (A"":g)-‘ (Azé)g (Azb)j (Amé)1 (m )2 (émfg); R

0 - | ~1.04 | ~1,02 | ~1e3€ | =3.05 | =2.98 | ~3.98
04 906 —Oo 95 -Oo 93 "'Oo 9[{. "'1 191{- "‘1 L] 88 "4 * 89

A AR e *
t

; 1:4-2\5 "'0.90 -‘0188 "0070 "1057 "1053 "‘1005
i
. e L , MBIE IT . .
. . \»qwa;:ﬁ, » A osaba 4 \ Yo . St
: B  BP DELTA with Tailplens™ T
’ »e ' A Twx S v * Y
' Wing Geometry ste.,® AR = 3; A, = 450 x:%, <F o098
1 .- O te - vl-::"‘{g‘-.)‘
. * O © & 1.503 . x  2.498
—_—= 003'6 H = ": L ~
5 o :\ p 2 202 i 3 3425, '
K .
X 52,498 . S e e e
‘ o L. et
: M| (2zp)y | (bay)y | (d2)s| (Gmy)y| (), | (mig)s
% 0 0,31 | 0,30 | ~0uh1 | 047 | ~0.48 | ~0.64
: Ca8 | =0.37 | 0s37 | =0.50 | 0,57 | ~0.55 |-0.76
Lo 0eH17 | 0b7 | <0u47 | =0.57 | <072 | 0oT1 |-0.86
Z 2325
. [o]
X (Azg)1 (Azé)g (Azé)j (&n )1 (M.? _‘,_‘_('&’.)5 "’
0 0,50 | 0,19 | 0,58 | 4. " | -4.09 |-1.28 |
-t ov 8 "O. 61 "Ot 60 "Oo 73 “1 E) 314. "'1 . 32 "" . 61 i
07| 074 | 0.1 | ~0.83 | ~1.58 | ~1.56 | -i.8% |

¥ Tail gocmetry similar to wing,
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; B Coec e TeseimERIITT U el
| mm ane (Mg = 450) plus cropped “delta tail (A& z;5° P 1/7; -
- L) * ) ‘ ‘ s - 6
Ning Geomstry ota, ;AR = hi A, = 45% A= Op g% = 0.0995; -é- = 04365}
20 é = 1336; % = 2 498; ~-’.‘69‘ = 1. 028. o T .o
. % RN 7
j Teil Geometry et.J - AR =3; & z+5°- A= 1/7.. ot vl s .
{ PR 1 ‘e.:u\!l‘ AR % Wi Q;\'.""[ H 12‘ "t g { u‘“ AT . ‘!\‘.:
| ¥ | (8z3)y | (82p)p| (823)s | (ambly| (&mp)y | (Amp)3
!: o 88 032 0uH | 0uk8 | -0.45 | ~0ul3 | 0,65
M 0,887| 1.0 |1.0207] 1.418] 1.25] 1.444| 1.6008] 1.8028| 2.2361

Wing | 23 |0.4A | 3.75(5.65 | 2.47 | 1.15] 0.72 | 0.49 [-0.01 |-0utk
Aone 0T 4008 | 9.84]2.47 | 0.58 | 0,15 |0.002 0,48 |-0.23 | -0.2%

Wing | 23 + 42| -0.73 | 3.11]5.05 | 1.64 { 0.71] 0.36

Toil | my + amp|-1.52 |-0.03[1.28" [-0.02 |~0.45 [-0.5 '
. TARLE IV ‘\:
| DELTA WING (Ag = 60°) plus cropped delta tail (Ag = 45C, % = 1/7)

L . .. S
' Wing Geometry ete, AR = 2.34; A, = 609; A= O3 "s't' a 0.0998;

L}

73 )
| oot fo1a278; Faou98; -2 10136
* e - 6 4 b‘ ° x “-O -
Tail Gecmetry ez, AR = 3; A, = 1% aA=177

M T(ag)y | (Ba), [ Caap)s] (myly [ Camplp [ ()

. 0.6 |-0.23 | —0.23 | ~0,39 | -0.31 |-0,29 |-0.50
‘ i 0,6 | 1.0 | 4.0307 | 4.498| 1.25] .44 ] 1.6008] 1.8028
! Wing zb "1 [ 1 2 "o. % +00 09 -0. 1 9 —O. 26 “‘Oo 21 "O: 0-/ -Ob 03
Adone oy ~0ub7 | <045 | ~0.30  |~0.38 | -0.38| 0,35 {-0.%8 : 0.2 .

Wing | 2h + Azy | =1435 |-0.78 [0.56 |~0.78 | ~0.75| <0.63 | -0.40 | ~0.29
Tadl | M + Aoy [ 0,78 [-1.07 [-1,25 | <1.26 | <1.11] 20,96 |-0.77 | 0.63
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FIG. 4.@.STEADY AND QUASI
FOR DELTA WINGS, IN INCOMPRESSIELE
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